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The following pages have been written at various times during 
such brief intervals of leisure as the author could spare from his 
professional duties. They are for the most part the result of 
experience combined with theory; it is therefore hoped that 
they may supply the student with what has long been a want in 
Engineering literature, namely, a Handbook on the Theory of 
Strains and the Strength of Materials, giving practical methods for 
calculating the strains which occur in girders and similar structures. 
The theory of transverse strain has indeed been incidentally treated 
by writers on Mechanical Philosophy; their researches, however, 
have been confined to strains in plain girders, or to a few brief 
remarks on the more elementary forms of trussing, which, without 
further development, are of little practical use, and but too 
frequently afibrd a pretext for the ill-concealed contempt which 
so-called practical men sometimes entertain for theoretic knowledge. 
A thorough acquaintance with the theory of strains and the 
strength and other properties of materials forms the basis of all 
sound engineering practice, and when this is wanting even natural 
constructive talent of a high order is frequently at fault, and the 
result is either excess and consequent waste of material or, what 
is still more disastrous, weakness in parts where strength is 
essential. The time has gone by when practical sagacity formed 
the sole qualification for high engineering success. Before the 
improvement of the steam engine gave rise to a new profession 



tliere were indeed Bome memorable names on the roll of engineers, 
generally self-taugbt mechanica, wbom great nataml nbility had 
nused to pre-eminence in their profession ; but practice which ma 
formerly excosable, or even worthy of the highest commcndatioD, 
would, now that knowledge has increased, be properly described as 
culpable waste, arising cither from prejudice or ignorance. 

The usual resource of the merely practical man is precedent, but 
the true way of benefiting by the experience of others is not by 
blindly following their practice, but by avoiding their en-ora ns 
well as extending and improving what time and experience have 
proved successful. If one were asked what is the difference between 
an engineer and a mere craftsman, he would well reply, that the 
one merely executes mechanically the designs of others, or copies 
something which has been done before without introducing any new 
application of scientific principles, while the other moulds matter 
into new forms suited for the special object to be attained; and 
though experience and practical knowledge are essential for this, be 
lets his experience be guided and aided by theoretic knowledge, so 
as to arrange and proportion the various parts to the exact duty 
they are intended to fulfil. 

Hen provB ws now with best enJeavoiir 

Wli&t from our efforts yet may spring ; 
He JLutI; U doapiaetl who never 

Did thought to aid hiii kbouri bring. 
For this ia art's tnio inilication, 

AVhen skill ia minister to thought ; 
When types th&t are the mind's cieation. 

The hand to perfect form has wnn^t. 



The well-educated engineer should combine the qualliications of 
tlie practical man and of the physicist, and the more he blends these 
together, mnking each mould and soften what, the other would 
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seem to dictate if allowed to act alone, the more will his works be 
successful and attain the exact object for which they are designed. 
The engineer should be a physicist, who, in place of confining his 
operations to the laboratory or the study, exerts his energies in a 
wider field in developing the industrial resources of nature, and 
compelling mere matter to become subservient to the wants and 
comforts and civilization of the human race. 
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INTBODDCTORY. 

I. Blraln — Tension — Compreafiton — TranBrerac atrnlR — 
liearinpstrBln^Torslon, — On the application of force all bodies 
iuuige ^ther form or volume, or both together. Forces considered 
rith reference to the internal changes they tend to produce in any 
lid are termed strains, and may be clasBified as follows: — 

Tensile sti-ains, j ( teaiing asunder. 

Compreasive do,, j producing 1 crushing. 

Transverse do., ^ fracture < breaking across. 

Shearing do., i '^X i cutting asunder. 

Torsion, ] f twisting asunder. 

This fire-fold division is made for convenience merely, for the 
iKngth of any material, in whatever manner it may be employed, 

ids ultimately on its capability of sustaining stnuns which tend 
thcr to tear its parts asunder or to crush them together. It is 
Arefore of essential importance to know the ultimate resistance 
tendon or compression which each material possesses, and thence 
iduoe those strains which may be safely imposed in practice. 
!o this end various experimenters have devoted their attention ; 
I the United Kingdom, none with more perseverance or success 
hao the late Eaton Hoilgkinson, Esq., to whose life-long labours 
re ore mainly indebted for the physical investigations on which 
lalculations of the strength of structures are based. 
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9. CBlt-ftirais— laelHilralB— FootHrtnda. — ^Wherever 
measures are used tensile and compressive forces are measured bf 
the number of tons or pounds stndn«on the square inch. It will 
be convenient however to have some short expression for the 
strain on the unit of sectional area, irrespective of any particular 
measure of length or weight, and I have ventured to adopt 
the term Unit-Btrain to denote tins quantity, and the words 
Inch-Strain or Foot-strain to express the stnun per square inch or 
square foot, as the case may be. The unit-strains of tendon and 
compression are represented indifferently by the symbol /, unless 
it be desirable to distinguish them, in which case the unit-stnun of 
compression is represented by the symbol /'. Thus, if F be the 
total strain in any bar whose area =: a, we have 

F = a/. (1) 

Ex. 1. If the cnuhing iinit-stnun of oast-iron be 42 tons per ■qiure tnoh, wlis4 
weight will oroah a short solid pillar 9 inches in diameter t 

Hero, o = ?-^ ^ ^ - = 63-6 inches, 

/=42 tons. 
Answer. F = q/'= 63*6X42 =2,671 tons. 

Ex. 2. If the tearing unit-strain of beech be 11,500 pounds per square inch, wluil 
foroe in tons will tear asunder a tie-beam 15 inches square f 

Here, a = 15 X 15 = 225 square inches, ^ 

/ = 11,500 lbs. V 

Aniver. F = 225 X ^^= 1.155 tons. 

2,*i40 

S. Elaatlelty— Cable elMtlelty—Iilnear elasticity.— Besides 

the strains of tension and compression another matter claim^v 
attention, namely, the alteration of length, or in other words, thi 
elongation and shortening of the material subject to strain. Elastidti 
is the property which all bodies under the influence of external 
force iK>ssess to a greater or less degree of perfection of retuminj 
to their original volume or form after the force has been with- 
drawn. Thus we have Cubic elasticity or elasticity of volume,, 
and lAnear elasticity or elasticity of form. Fluids possess elasticity! 
of volume, but not of form. Solids possess both, but linear elasticity 
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Umo deauuida our nttctitioa ia qviestionti i-el)itia^ to the etrengtli 
tf iiwteriaU. 

4. Blantlc BliinicfHi And EliMtfe dexlblllty nre correlative 
jnns wliicli express tlie strength or weiikneas of Ihe elnslic reaction 
r UiQ fibres of nny eListic s'llid, whether that reaction lie due to 
ensile or compre^ive stmina applied ee[tamt«ly, or in couibioutjon 
9 as to produce flexure or torsion. Thus glusa ia elastically stiff, 
ndian-riiblier elastically flexiltle. In general, the terms Sliffnes» 
ad Ftexibiliti/ aie not restricted to elastic soli'h, but expreee merely 
he relative nmoiiut of rea:^tance to chnnge of form, wlielher the 
ititcrinl returns to ita original shape op not itfter the foi-ce ia 
Fithih^wn. In this sense copper ia atiffcr than lead, but neither 
I eloatic, or but very slightly so. Kloaticity sliould not, as in 
opokr language, l)e confounded with a wide range of elastic 

ucibility. Glass, fur instance, is both stiff and elastic, whereas 
idiao-rubber, though very flexible, is less perfectly elastic than 
;liiu, tliat i?, it retunia ivitli Xejfa exactneaa to ita original form 
: being etraincl. Again, a thin spring of temjiercd steel is 
otfa ekeUc and flexible. In popular languugc however, indian- 
nbber is aaid to be mure elastic than gluss or steel, because its 
a of elastic flexibility exceeds that of either. 

H. TonrbncHa— BrIttlrDess. — Toughness consists in the union 
f tenacity iv!th ductility. BritlUne»» is incapability of sustaining 
a|ud changes of form without fracture, and is opi>osed to tougb- 
eee. Law-Moor iron, for instance, is tough; a bar of it can be 
iristcd into a knot without breaking. But highly tempered steel 
I brittle; though more tenacious than iron, it breaks short 
■iUiOUt any sensible change of length; it is not ductile; it will 
at stretch under strain. Sealing-wax also is brittle ; Ihaugli more 
oclile than iron under [irolongcd pressure, it ia not tenacious 
ad will not bear a sudden change of shape without fracture. 
Lccurstcly si>cakiug wc may doubt if tliere ia such a thing as a 
lerfect elastic solid, foi- Sir. Hodgkinaon's iovestigationa aecm to 
ntivc that there ia no strain, Iiowevcr slight, which ivill not after 
« removal leave a permanent, though perhaps to ordinary tests an 
iBppreciable, alteration of length in any of the materials on which 
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he expcruoentod. In other words, every material U luore or 1 
ductile.* 

II. 8«t. — Wben the uait-stnuii ie considcnbic tLe defect \ 
elastiuity Ijccomcs vcrj npparcat, gsiicciallj- in invUta, for they i 
Dot return to their original Icngtb when released from stnuo, I 
remoia sensibly clongnted or thortoacd, as the case maj bv, l 
wrtain amount which varies Mcordtng to the oature of the n 
and the force apjilicd. Tbid residual elongation or sborteniugl 
called the S«t, and ia not deiisibly increased by Kubseqnent ap] 
cations of the same unit-strain wliich first produced it. It should Q 
observed hovrcTcr, that the ultimate set is not inBtantaneooily {l 
duccd on the application of force. Iron, and probably all n 
take time more or less prolonged to adapt thcmeelves to new c 
dltions of Btruin. Hence a mpidly applied force may snap a brita 
bar without protUiciiig any very perceptible change in it« length.! 

7. Law or elaatldl J — l4mU of rlMtldljr. — It i« erident t 
the elastic reaction of any material is equal to the force prodtM 
extension or comprcsaion, and it lias been proved by ucpcr 
tlutt the following law of uniform elastic reaction, expressed 1 
Hooke in the phrase " ut tenBio eic vis," and generally known 1 
the Lata of elaslicily, tliotigh perliaps not accurately true of a 
Bolid, is practically true of the materials ased in construct 
Whtn ony material ia gtrained either by a tentile or a compreutk 
force, tin tlattic reaction of the jihres {eijual to the applied /<wcs) 1 
proportional to their increment or decrement of kugth, provided tl 
alteration of length does not exceed a certain limit beyond whia 
the above stated law ceases to apply, and the change of lei 
no longer regular, increases for each additional unit of Btr 
more rapidly than the reaction duo to the ehisticity of the iibi 
this produces set and ultimately rupture, £xpeiience has provd 
that the safe working strain of any material does not oxoc 
its sensible limit of uniform elastic reaction, generally called t 
lAmit of elMticity; indeed it generally lies considerably within it. I 

* Rrparl -if ihi (,'<»>tmiuion*r$ appeinled to in^uin imta the applimti'm <if Inn j 
Raitaitif Slruiiimt, ISIS, App. A, p. 1. AUo. SxprrimnUal KmnrrStt nn tKr Sin, 
nnH ethtr Prapertia vf Cottirim, liy E. HadgUiUon, pp. 381, 40». 
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8. C«cinclent of elaBtlclty E — Table of coefllcteB^B. — The 

efficient of elastic reaction, or the Coejtcietit of eloiticity* i» 
^neraUy represented by the symbol E, and is the weight (in Iba.) 
equisite to elongate or shorten a bar whose transverse section 
quals a superficial unit {one square inch) by an amount equal to 
s length, on the imaginary hypothesis that the Inw of elasticity 
lolda good for so great a range. In assuming that the coefficient 
elasticity is the same for compression and extenaioa I have 
allowed Navier.t but some writers on the strength of materials 
1 to overlook the fact that, if the law of elasticity be rigidly 
act, a given force of compression will shorten any material by the 
me proportion of its original length that an equal tensile force 
rill extend it. In practice the coefficient of clastic compreseion 
rOt generally be found to differ slightly from that of elastic 
ennon. 
If a bar whose length = / be extended or compressed within 
3 limits of elasticity by a stndn of/ lbs. per square inch, the 
ncrement or decrement of length X is expressed by the following 

hence, E = -t' (2) 

Bx. How mncli wiU an iDcbituin of 5 toni Btratch & \i*x of ircouHlit-iraii whoa* 
^Ui aqadi 10 bet > 

Hera (iM table following), E = 24,000,000 Iba., 
/= Stem. 
I = 10 feet. 

J»r^. A =-^ =i2iMil>Li2J!<i? = -OOfl ir.l.M. 
E 24,000,001} 

It is obvious that the coefficient of elasticity should be deduced 

om experiments in which the applied unit-strain lies within the 

it of clastic reaction. It should also be noted whether the 

twterittl has been previously ttretched; otherwise the results will be 

lalous (4ie). The following table contains the coefficients of 

lasticity of various materials : — 

* Calkd alio the Modnlui of doatifily. 

t Rtlumi da l^emu doarUa r£euU du P»nU tt Chuituta, f. 11. 



INTBODUOTOBT. 



[CHAF. t. 





CuOdnilof 






EUoWlytaU* 


AntlwltJ- 


MlTilA 






BrM.(<»rt), 


S,9M.OO0 


TredgoM. 


Gan metal (copper 6, tin 1), . 






».B7S.(KH) 


do. 


lrol.(c«t), . 






15,400,000 


do. 


Do, ... . 






12,000.000 


Hod8kia«>o. 


Do. (wrougbl), . 






24,000,000 


do. 


Do. (umemled bw), 






27.700,000 


do. 


Le.d(c«t). . 






720.000 


Tndgold. 


Bt«.U . 






29.000,000 


Yoimg. 


Tta(™»t), 






<,608,000 


T.«iKoW. 


Zmci^l). . 






1S,CS0.000 


do. 


TniB«B. 










AcoU(Ei>glUh growth). 






1,182.000 


Barlow. 


A.h, . 






1,8*4,800 


do. 


Befich, 






1.333,000 


do. 


IJircb (Ancricui bUck}, 






1,477,000 


do. 








1,044,SOO 


do. 


Bo« (An,tr>li»), 






2.165,200 


Trickett. 


EllQ, . . . . 






6B9,S40 


Barlow. 


Fir (Mar Forert), 






045.300 


do. 


Do. (do., uolbcr .pedmen), . 






830,000 


do. 


Do. (New EngUnd), . 






2,101,200 


do. 


Do.(Eig.). 






1,328,800 


do. 


Do. (do., anoUier ipMaioaD), . 






000,400 


do. 


Greeaheart, 






2,658,400 


do. 


Iron bark (AtutralU), . 






1,069.600 


Triokatt. 


La"!l" 






816,330 


Barlow. 


Do. (another nprndmaii), 






l,05i,SOO 


do. 








1,096.000 


Tradgold. 


Norwny tpnr, . 






1.457,600 


BaHow. 


Oak (Adriatic), . 








874,400 


do. 


Do. (Arrican), . 








2,805,400 


do. 


Do. (CanadUn), . 








2.148,800 


do. 


Do. (Dantxii:), . 








1,191.200 


do. 


Do. (English). . 








1,461,200 


do. 


Do. (do..iDferior). 








873,600 


do. 


Fmo (Pitch), . 








1.S2E.600 


do. 


Do, (Bed), 








l.S40,000 


do. 


Do. (do). 








1,200,000 


ClaA. 


Do. (Aniorioan yellow), 






1,800,000 


TVedgoId. 


Poon 






1,689,600 


Barlow. 


r 


_ 




*..] 



nrrRODDCTORT. 



TMOtpttAD ol HatnUL 



Tntant— eanl^ ued. 
Spotto] ffom (Aatitralui), 
Stringy bark (do,), .... 
Teftk. . . , . - 

WbftlobotHv .... 

Hubls (Wliite), .... 

Qumrti RdcIc (Half lieivl), ncross laminKliaD, . 
Do., do., parcel to lamin&tion, 

glkte (Weltb) 

Do. (Westnioroluid), .... 
Po. (Sootch). ...'.. 
D». (Portluid). ..... 



1,042,0110 

i,s;o,fioo 

3,114,'tOO 



2,B2IJ.00O 

i,r,»s,ooo 

GIG,000 
15,800,000 
13,900,000 
15,700,000 



Trtdgold. 



do. 



Bariow, tto llarlom on tie Stnn^ of MaitTiaU — CUrk. acv C'Inri ot 
ti Convay Tabular Briitjti, p. teS^HoJgkinHU, see Report e/ CoMutfjrimm 
to inqvin inte Ihe applieation of }rcm to Sailaty Strueinra, 1SJ9, pp. lOBt 
74— MftUot. wo PhitoKpMcal Traamclu/ni. 1S82. p. B7 1 — TredgoIO, lee Tndjrotd on 
Strengtk of Cailirm-Young, see Do. 

B. INeebanical laws-llcsolaliaa of ItorccK. — The invoBtiga- 
ion of transverse strains may be reduced to the three followiDg 
tndamentol luws in mechanics: — 

If tliree farces aclinif at the same point balance (are in equilibrium), 
\re« lines parallel to their directions will form a triangle tlie sides of 
kioh are proportional to the forces. Also, If tioo out of three forces 
hich balance meet, tJie tliird passes through their point of interrection. 
Hence it foUowa that, if we know the raiignitude and direction of 
■o intersecting forces, we can find both the magnitude and direction 
Fi|,' I. of (heir resultant; and if the directions 

of any two components into which a 
single known force is resolved be given, 
the amount of these componenta can be 
found. Thus the weight W, Fig. 1, 
is supported by an oblique tie and a 
horizontal strut. The weight and the 
atrabs in the tie and strut meet at A, 
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tnd tnny be reprcMnted by the tnui(;Ic A I ». Let Uto aidca of the 
triangle be as the numbers 3, i and 5 ; thes, if W = 3 tons, t will 
latatn n teiinion uf 5 lonB, and » a thrust or compreseion of 4 tau, 
tiling the angle the tic makes with tho vertical lino 0, die rdatioi 
Ktwecn these three forcca may ho algebraically expressed u fbl 

10. The licvcr. — Tj a weight rest upon a beam tvppturtti fr 

two propi at iu fxtrenilifi, the»e propt react iritA two upvottl 

preaures whoie sum it equal lo tfi« weight, and by Ute prtMciple qJ 

the lever, the portion of the Ktiijht futtained hy ettker prop it Ip A 

I whole weigfitas the remote segment is lo the whoU beam. 

Thua in Fig. 2, if Wa 
lO Ions, and tho s 




are a« 3 : 2, the reaction ol 
the left abutment R=<4 
tins ; that of ihc righl 
R = li tons. Calling Uie 
ia:ij Lu algebraically expi 

R + R' = W, R = " W, R' = — 2*_ 

m+n m+W 

t is ob\'ious that this principle ia not afTectecI by any I 
iJie beam within itself, provided it merely resta on the ] 
~ support. 

II. EqualDj- of moneaffl. — When any number of fonn a 
in the tame plane on a ri'jtd body balance (are in eijuilibrium), ftn iHi 
M of the moments of the forces tending (o (urn it in one direction r 
W9ny given point is egual to the sum of the moments of those ttndiiuf fi 
1 the opposite direction. Also, lehen any nvmber of fort 
n the same plane have a eingU resultant, the turn of tht^ 
ient» of each force round a given point it equal to the n 
their resultant.' 
Thus in Fi^. 2, taking momenta rountl the riKht nbutmoat, [ 



• Th«m 



cf » fofw ronnd ■ ^ren point in tl)« i>roJnct v! the ft«c (7-1110 I 

full on tU direi'tion from the point. 
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R X m + H = Wn; the moment of R' vanishea, since R' passea 
through the point round which the momenta are taken. 

On these three mechanical lawa^the Resolution of Forces, the 
law of the Lever, and the EqualUi/ of Moments~&re founded all the 
following investigations of the strength of materials when subject 
to transverse str^. 

ram — Girder — 8eiiil-|[lrdcr. — The term Beam is 
generallj applied to any piece of material of considerable scantling, 
whether subject to transverse strain or not; aa for example, 
" Collar-beam," " Tie-beam," " Bressumraer-beam ;" the two former 
being subject to longitudinal strains of compression and tension 
Tcepectively, and tlie latter to transverse strain. The term Girder 
is, however, restricted to beams subject to transverse strain and 
exerting a vertical pressure merely on their points of support. This 
term was originally applied to the mnin beams of floors, but has now 
become universally adopted by engineers. A Semi-(jirder is a canti- 
lever, that is, a beam fixed at one extremity only and subject to trans- 
verse strain. In addition to its vertical pressure it exerts a tendency 
a overthrow the wall or otlier structure to which it b attached. 
18. Flaniied (Irder — SliiEle-webbed girder — Doable- 
webbed or Tubolar girder — Tnbalar bridce. — In the term 
Flanged girdfr are included not only cast-iron girders of the 
Ordinary I form, but also all girders which consist of one 
• two flanges united to a vertical web, whether the latter be 
lontinuous as in plate girders, or open worlt as in lattice and bow- 
ring girders. Flanged girders are again subdivided into Single- 
Ktbbed and DouUe-webbed ot Tubular. A single-webbed girder is 
B whose flanges are connected by a single vertical web. Thus 
ire have " Single-webbed cast-iron girders," " Single-webbed plate 
■B," " Single- webbed lattice," and "Single-webbed bowstring 
" &c. A Douhle-wthhed and Tubular girder is one whose 
Ages are connected by a double vertical web, continuous or open- 
rorkas tlie case may be. A Tubular bridge is merely a tubular girder 
f snch large dimensions that tlic roadway passes through the tube. 
In the following theoretic investigations all girders are assumed 
%a he horizontal and without weight, unless otherwise stated. 
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FLANGBD OIBDER8 WITH BRACED OB THIK CONTIMUOUS WBBS. 



- The formula 

investigated in this clinpter arc, unless otherwise ex[»«B8ed, 
applicable to all flnngetl girders whose weba are formed of braobg, 
orif coatinuousijet so thia that the transverse strength of the web 
as an independent rectangular gii-der may he neglected witliont 
sensible error. Our knowledge of the stnuns in thia vertical wd) 
when continaous is still imperfect. Analogy indeed leads lu to 
conclude that they follow laws simitar to those which hold good in 
braced ^rders, but in the absence of experimental proof thu ia to a 
certtun degree conjecture — a conjecture however, which I fed 
confident my readers will share after they have had the patience to 
read through thiit book. 

The mode in wliich a load afiects a girder may be thus analysed. 
From experience we lenm that the load bends the girder downward! 
and develops longitudinal strains of tension nnd compresuon in ti» 
flanges. If the semi-girder, represented in Fig. 3, be suppoeed 
divided into vertical slices or tnmBverse sections of small tliicknesa, 
the weight tends to shear or separate the section on which it imme- 
diately rests front the adjoining one. The lateral connexion of the 
sections however prevents this separation, and the second section 
is drawn down by a vertical force equal to the weight which tends 
to shear it from the third section, and so on. Thus a vertical font 
equal to the weight m tratumitted from eection to section as far as the 
point of tupport. Thia vertical stnun has been aptly named the 
Shearing-strain ; but few writers, until the last few years, have 
noticed the practical results which follow from the fact that this 
force can be communicated from section to section only through the 
medium of some diagonal strain. Respecting the exact directions of 
the strains which this shearing force develops in a continuous web j 



CHAP, n.] BBACED OB THtN CONTINUOUS WEBS. 11 

we know nothing poeitively ; it is probable timt tltcjr assume various 
direcdona crossing each other like close lattice-work, some vertical, 
some diagonal, perhnpg some curved. However this mav be, we 
know that certain of them must be diagonal, since the weight, 
which IS a vertical t'oi-ce. jirodiiccs strains in the flanges, which arc 
longitudinal, Ihrougli the ineOium of the web, which in fact fulfils 
the [Wirt of bracing in n lattice girder. The reader will perceive 
that we liave really three sets of forces to deal with, namely, 
hoiizoulal, vertical, and diagonal forces. The latter, however, may 
be resolved into horizontal and vertical components, and llius we 
have at pi-oaent only horizontal and shearing forces to consider, 
recollecting that the Khearing-Hrain of any tramverse section of a 
girder means the total vertical strain Iranstnitted through that section, 
including in the term ihr rfrtical com})onenU of diagonal strains. 

15. HorimonUkI mtmiim In open-work or Ihln rontlnoeas 
wriM m»y be nrcleetcd. — When the verticjil web of a girder 
witli horizontal flanges is open-work like latticing, the ehenring- 
strain is altogether tnuiBniittei] through the bracing, the flanges 
being capable of conveying Btrains in tlie direction of their length 
only I but when the web is coutimious as in a plate-girder, it is 
probable that a small amount of ahearing-force acts upon the flanges 
■Jeo, so small however that we may practically neglect it. If 
I however, one or both flanges are cui^ved, the whole or a considerable 
portion of the shearing-stniin ia conveyed through tliat part of tlie 
flange which is slopeil, the amoimt depending upon the angle of 
Joolinalion. In this case the web has less duty to perform tlian if 

s flanges were horizontal and its sectional area may therefore be 
reduced. It will also be observed that the diagonal strains 
developed by the shearing force in a continuous web have horizontal 
oompooenta ivithin the web itself, and consequently a continuous 
web tida the flangea to a ccrtmn extent, for those parts of the web 
which ailjoin the flanges share the horizontal strains in the Ulter, 
, this flange action of the web is greater the thicker the web is. 
When, however, the web is very thin, the total amount of this Sooge 
ttction of the web is small compared with the strain in the £angea 
^lemselves, and may therefore be neglected without introducing aay 
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serious error. In thb chapter all Itoriiontal strains in the wd) are 
neglected- 



CABE I— FLAKCKD SEUI-OIKVSB U>ADED AT THE EXTnEMITT^ 

Fig. 3. 




le. FlaaK^H—At nil]' rroKS »eetton ffar borlMinlnl von 
BeRf« or ntT»ia In tlir HanireB nr< rqnnl nnd of op| 
hlnda — Ktrrn|clli or flancrd rl'^*'rii vnrj directly an I 
drplh nnd InvrrKrlr nn Ihr Irnrlli- 

Let W = the weight, 

/ = the distance or any cross sectioa A B from W,l 
d = the depth of the girder at this cross sectiao, 
T = the horizontal stnun of tendon in the top fl 

St A, 

C = the horizontal strain of compression in tbfl 
bottom flungv nt B.* 
The segment A B W is held in equilibrium hj the wtight WJ 
the horizontal forces of tension and compression in Uie flangea • 
A and B, and the shearing and horizontal strains in the web i 
A B. Since these forces balance, the sum of the moments of tl 
■which tend to turn ABW round any point in one directba i 
equal to the sum of those which tend to turn it round the m 
point in the opposite direction (11), If the point lie in the cro 
section AB, the moment of the shearing force >vill be ciphcrJ 
since its direction posses tlirough Uiis jwint. Neglecting i 
horizontal strain in the web when continuous, and taking moiuentfl 
round A and B succeseively, we obtain the following rcliitions:— 



* WkeD the flingea it 

tba luiigiLuJiiinl (traiiiH. 



Thoir rerticnl ccUDponimta are ■ parlloo o( 
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WZ = Trf=Cd (3) 

whence, 

T = C (4) 

that b, at any cross section the horizontal component of tension in one 

flange is equal to the horizontal component of compression in the other. 

If F represent the horizontal strain in either flange indifferently, 

we have from eq. 3 

W= ^ (5) 

Eq. 5 proves that the weight which a flanged girder is capable of 
svpporting varies directly as the depth and inversely as the length. 

When both flanges are horizontal, we have from eq. 4 

af=a'f 
where a and /represent the sectional area and unit-stnun of the 
upper flange, and of and/^ those of the lower flange. Hence, when 
both flanges are horizontal, the unit-strains in the flanges are to 
each other inversely as the areas. 

Ex. 1. A lemi-c^rder, 9 inches deep, supports 7 tons at its extremity ; what is the 
•trun in each flange at 12 feet from the load ? 

Here, W = 7 tons, 
I = 12 feet, 
c2 =3 9 inches. 
Amwer (Eq. 6). F = ^ = 7 X 12 X 12 ^ ^ ^g ^^^ 

Ex. 2. If the flange be 15 inches wide and I4 inches deep, what will be the 
inch-strain f 

Here, a = 22*5 square inches, 
F = 112 tons. 

Annoer, / = Jl = -— =. = 5 tons inch-strain nearly. 
^ a 22-5 ^ 

Bx. 8. A wrought-iron semi-girder is 7 feet long and 11 inches deep, with each 
flange 4 inches wide and i an inch thick. What weight at the end will break it 
aerow, the tearing inch-strain of wrought-iron being 20 tons? 

Here, F = «/ = ^ X '5 X 20 = 40 tons, 
d = 11 inches, 
I s 7 feet. 

Ansteer (Eq. 6). W = ^^ - = ^^~^ = 5*24 tons. 
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IT. Klrdrr of vreatMt ■Crmvtk— .lr««« ef liorteiwU 
BKBrrii Nbonld brio rttch olbrrla thv Invrrw rolhi 9Tti 
alilBuilr null-Mlniin*.— The di.-^lriliutiun of a giveit aniomit i 
luateiial ill tlie lUiigcs eo lu to prixliice llio ginlcr nf g 
etrengtii occiirs when both flungcd nre sbiiiltancoiiely on 
point of rupture, for "if eirlicr flnogo contoina more nmtrral ( 
u required to eustain iu proper strain when the othci- pvea wajjt 
it can Bparo some of the surplus luatcrial to stroitgthcti the otl 
When both fUuigcs nre on the point of rupture.^ trnil y t 
the ultimate uiiit'ttlniins of t«i»iou nnd compressioii. And i 

-,=■{,, it followa that, to ensure the greatest strength with i 
o / 

given amount of mBterial in a girdci- with horuEontal Bangeo, I 
teclioaat areas of the flange* should be to eaeft othtr tnrenely fl 
their iiltifiiaff nHil-tlraint — n rtisiilt iimply wnfirnicd bycxppripnPe. 

tS. Tlir web Mbonld confnln no more niNfcrinl than U 
rrqaUItr fo roatrj- fhr KhmrliiK-olrNln — Thr fiiianlliy of 
mnterial in Ihr web of virdrm wl(b parallrl Baatte* I 
tbrorrllcdUy IndrprfldrBl of (brir depth. — 'J%e »htariNff^lr 
i* the *avif at. each verticttl ttction of the semi-glfder auii fijtiaU \ 
If iho flaugCB arc (lanillol this »tnun is transuiitled from a 
action through lliewcb (lA). whicli iihuuld therefore liavc tliea 
Mclionnl ftfca ihrmighoul, nml l)e sufTictcntly strong to traaanitt] 
Bhearing-slniin to llie \mll or point of support. The tnh i 
alio for fcononncat retunnt contain no more material tlian itri 
to transmit the ilitarituj-itrain ; for nny surplus nintorial, il*plii 
in the finngea, woidd increoHe the Etrcngtli of the ^rder imnv ll 
if it were to remain in the web, since its leverage to i 
horizontal strains would be thereby increased. This will ap] 
clearer when ihc readei' has perused the succeeding chapters. Fro 
these eonEiderationa it follows that Iht ijuantitij of material in 
loefc of a girder tcith parallel Jtatii/et w t/irordically irf!epen<Unt C 
the drplh. 

19. Girder of nnUtorm atrenvUi — KeoaoNileal dUUibw 
of material. — A gtrdrr of uniform strength is one in which I 
parts, both flanges and web, arc duly proportioned to the etc 
which they have to bear, i.e., are equally capable of sustainiii| 
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the particular strain which ia tmnsmitted tlirough tliem. If such 
a girder were perfect, there is no reason why any one part ehould 
&il before another, since the stmin ia the same suh-multiple 
in each part of the ultimate or breaking-gtraio of that part. The 
girder of uniform strength is obviously the most economical also id 
ltd proportions, for no port has a wasteful excess of material ; the 
nnit-tlrain is constant throughout the entire length of each Jiangs 
rt»pectivilg, and the nhearing-xtrain in each eeclion of the weh is the 
tame ait in ereri/ other gectiou. 

SO. Plan or seml-Klrder of unirorm streugnb, depth coo- 

■taat. — From eq. 6 we have when both flanges are hoiizontal, 

.'■=^ 

where/and a express the unit-strain and sectional area of either 
6ange icdifiereutly at a distance / from the extremity. 

In a girder of uniform strength / is constant for all values of /, 
fV 1— PiiiTi and the quantity-, to whicli / is 

proportional (since by hypothesis the 
depth d is uniform), will be constant 
for every value of /; consequently a, 
that is, the area of each flange will 
vary as /, and if the depth of the 
flange be uniform its breadth will 
vary as /, and the plan of the flange 
will be triangular as in Fig. 4. 

Klf « ation or seml-rl'^^i' of anlftorm fitren^b, breadth 

If, however, one flange be sloped. /and a in eq. 8 
apply to the horizontal flange only; 
hence, if its section and unit-strain re- 
main uniform, d will vary directly as I, 
and the side elevation of the girder will 
be triangulai' as in Fig, 5. The stmin 
in the oblique 6angc exceeds that in 
the horizontal flange in the ratio of 
their lengths (9). This is due to the 
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Blieariog-stnin, which ia eniirGly tranemittcd through th« ohUqui 
flange in addition to a horizontal atraia of tho same amount s 
in the horizontal fiangc, and the longitudinal etrain in the obUqn^ 
fiangc ifl their resultant. In this cjuo the web haa no duty I 
pertbnn and may therefore be omitted, the girder becoming I 
Bimplest form oftruM, vii., a triangle. 



CASE II. — FL^NOKD SBHI-enWBX LOAIiEU DNIFOR] 
Fig. « 




nB««.— Lot u' i^ the load per unit of le 

/ = the dialanco of any cross sectiotl AB 

from the end of the fprder, 
d = the depth of the girder at this c 
section, 
W = wi = the load on A C, 
F = the total horizontal Htruiu exert«d bj| 
either flange at A or B, that is, 
horizontal component of the loogitn 
dinnl atnun if the flange is oblique. 
Tho forces which keep A B C in equilibrium arc the weight! 
uniformly distributed along A C, the horizontal stiruns of t 
and compresBion in the flanges ut A and B.and the chtmnDg uJ 
horizontal strains in the web at the plane of section A B. If t 
web be continuous tmd very thin, we may, as in the prerioiu o 
neglect the momenta of the horizontal elroins in the web aa i 
nificant compared with those of the other horizontal forces, 
sum of the moments round A or B of each weight in the lengUi J 
is equal to the sum of the weights multiplied by the distance of tl 
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centre of gravity from Aor B (II), thatia, tlieir coUeotive momenta 
= vt 5. Equating thia to the amount of the horizontal etrain in 
dther flange round A or B we obtain the following relations: — 

w^- = Fd (9) 

2Frf 



F = 



2d id 



(10) 

(11) 



Ex. 1. A cut 
Iliad of 1 ton poi 
in anler that iU 



Bcroi-girder, S feet long sad 13 iocheB deep, eupporta > niiifunu 
ling foot ; whftt Bres fiLoiild the top fiuige have ftt tlie ftbobsont 
■tjsin nwy Dot exceed I'& tona I 
Here, w = 1 ton per fijot, 
l = S&et, 



Pnm 


eq.ll.F 

■I«l-1)-- 


/ = 
_ «^ _ 

2d 


13 mch«, 

l-StODK. 

1 X8X 8 X 12_ 


(niwff 


2 X 13 

^^S^m-.nobeB. 



Ki. a. The Ikttioe-bridge A the Boyoe VUdact is in tbree apuiB. Each mds ipao ia 
140 leet 11 inabeMloDg &nd S3 feet 3 inchei deep. The permanont load sopporMd by 
one mun girder of a tide apan eqnaU 0'68 tooa per running foot, and tbe eectioDal area 
of its lower flange oTeithe centre ]nerii 12TtncheB. On one occasion an extraordinary 
load lu Ibc ceutro spun depreiaed it to nich an extent u to rMee the ends of the itiilo 
apatu alt the abutmsatfl, Uina forming each tide ppau into a aemi-girder. What waa 
the compreiaivfl inoh-atrain in the lower flange at Uie pier t 
Bere, w = '66 tons per foot, 
/ = 140'»2 feet. 
d = Z2-SG feet, 
a = 127 inohea. 
' f ^^ = -MJf U(VS3X_1J0;S2 ^ 
i 2 X 127 X 3226 



r («! Uj. / = 



= 3'4 tona inch itrain. 



U. Wrb — Shearlni^Blraln, — When a Bemi-girdcr ia uniformly 
loaded the Bhtaring-Btrain at any cross section ia equal to the sum of 
(be weighta between it and the extremity of the girder, since this is 
the pressure transmitted through that section to the wall (I-*). The 
thtarinffstrain therefore eq'iais lel, and varies direclli/ in proportion 
fa tkt distance from the e.rtremity of tlte girder, that is, dtrectli/ a» 
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the ordxnaUi of a triangU. When tbe dangM MV- (iNmllel nil \3am 
ifhearing-stmin [huscm through the web, noil ita ^cclional i 
ehotild for economicnl rC4W0iiH vary in this rotio al»o; roraof exce 
of materiiU in the web bejrond that required la transmit the iitie«rii^ 
atrain is valuable oa\y fur horizontttl strains and would act will 
greater levem^c, and therofore with greater effect, if placed in t 
flanges. 

S4, Plan of acMl-fli^rr of anllbnti MrpBRth, drpck cooi 
■tant. — From cq. 11 wo have whi;n Iwith flangi'^ wx; boiixonta 

2«rf iad 
where a and / rcpreeent the area and unit-strain of either flattgo 
indifTerently at a dbtance I from the extremity. If the pirdcr be of 
uniform strength the unit-atmin in each flange will be anifor 

{* . . 

throughout it^ length, and the qunutity — , to which/is jtroportin 

Fiy. r.-rbn willbeconstant; that ifi. the sectii 

jUTaofeiioh flange will vaiy as ^J 
Hence, if the ficpth of the flanj 
be unifunn, ila breadth will 
:is I}, and the plan of the I 
will if gymmelncal be bounded bj 
two parnboliu whoao c 
is at A, Fig. 7, with the 
(liciilar to the length of the ^[rder.l 
•A. EIrvallon ofM-ml-irlrdrr or nnlfbrm HtrensUt^bn 
eoDStant. — If one flange be horizontal and the Mhcr cur?ed,/ai 
o in eq. 12 apply to the horizoatal flapge only; heiiw, if it« i 
FJB 8.- Kif vdtiiin tional urea be constimt and if t 

ginlcr be of uniform strength, d i 
vary tts /', ami the iidc elcratJOQ A 
tbe girder will be bounded by n {i 
boltt whose vertex is at A, Fig, ) 
with \\b axis vertJcid. In this ( 
it niiiy be shown that the who] 
sheiuing-s train passes through 
■veil flange and the web lia* »•> duty lo pcrfopm unU'wt the 1 
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reet upon the liorizontal flnngc, in which caae pillars, represented 
by vertical lines (or Buspensioii rods if I'ig. 8 be inverted with the 
eights beneath), are requisite fur eonvejiiig the pressure of each 
\ Buccessivc weight to tlie curved flange. 

CO. Strain In curved Dange. — The longitudinal strain in 
the i'iir\e<l flange is the resultant of the shearing-e train and a 
horizontjil compression, tlic latter being equal to 
the tension in the horizontal flange. If therefore 
the lines AI, A2, A3, i*ie., Fig. 9, represent the 
shearing-strains at different points, and if the 
horizontal line A B represent F (or the uniform 
horizontal compression), then the sloped lines B 1, 
B 2, B3, &c., will represent the longitudinal 
stinins in the curved fiangc at these several 
Iioints(9). 

97. 8«ml-Klrder loaded Dulltormly and at the exircmity 
, alao — Sticarinr-olrabf. — If in addition to a u n if or ndy distributed 
load the Bcmi-trirJer support a weight W at lis extremity, the 
I shcaring-ptrajn at any section will equal W + w?^- Consequently, 
I when the flanges arc parallel, the area of the web should increase in 
I arithmetical ratio as it approaches the wall, and may be represented 
I by the onlinates of a Inmeated triangle. If, for instance, the line 
A B, Fig. 10, represent the lengtli of a 
iinirorinly loaded semi-girder, and if A C 
represent the whole distriljuted loud, that 
is, the shearing-strain at the wall, then the 
ordinates of the triiuigle ABC will repre- 
sent the shenriiig stiaina at each point. 
Now, let an adiliiional weight W be 
suspended from the end of the giriler at B, then, if B E represent this 
I weight, the ordinalca of the rectangle A D E B will represent the 
[ ahuuing-Btrain produced by it alone; and when the g^nler supports 
both It anil the uniform load the eollociive shearing-strain is 
rcprtscnted by (he onlinalea of ihe tiii|ie/,iuni C D E B. 

an, plan or tiemHrlrder of anlAirm itlrcBEth loaded 
■nUbnnly and at Ihr rnd, d«-|Mh roDHtanl. — Whin both 
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Bonges »re IioriKontal and Uic ecmi-fiinlcr supports a uairunnly I 
diBiribiiteJ load in addition tw the weight W at it* exfremit/, wo I 
Lave (c(i9.8 and 12), 

If the semi-girder be of uniform strength,/ nill bo constant and a I 
will vary as / (2W' + tc/), and if tlie depth of the Hange be uniform I 
its breadth will vary in the sanie ratio. Conscfjuently the plan of! 
the flanges will if symmetncad be bounded by a pair of [lanibola*, f 
diiFering liowcicr from Fig. 7 in the position of their vertices, 

aft. Blevatlon oT scnl^rder of Bnllbra iilrcnith ■— 4c< I 
vnlftinnly and »t Ihr mA, brrsdih connfant.^ — If, howeTer, one I 
flange be horizontal Knd the other curved,/ and a id eq. 13 apply to I 
the horizontal flange only ; hence, if its area be uniform, d will vary J 
a» I (2W' -}- (t^O "'^'^ '^''^ elevation of the girder will be bounded I 
by B parabola. 

Bx. A Minii ginl«r, tl'7 fwt long iul>l SS-SS teti tlurp, (upporta k naUarnlr (U«tri< j 
l>tite<l load of 1*83 tana pot foot uhI a weight of 161*8 toni in mdililioD at the eMra 
V/tM \» tlto inch-atnun no Uie net Bcction of tfaa tcnitim (Luiga U tlia point of inpport, ■ 
iUgroM ftrem baiug 1320 Inefauii bat mluood bf riretJinlu la llwextknt i>f fthil 
H«n, W'= m-atoni^ 
1= «7f«t. 
rf= 33-25 kM. 
«= 1-S2 tons per foot, 



= 3UltuiulUvliBtiali>.'l 



-FLAKGED GIUDEB SIH-POETBD AT BOTH UUDS AND J 
LOADED AT AN IXTERMEmATE POINT. 



c' --\ *-"--■ 


H ' B H 
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SH* Vkuigeii. — Let W = the weight dividing the girder into 

segments contsuning respectively m 
and n linear units, 
/ = m + n = the length of the girder, 
d = the depth at any given cross section 
AB, 

X = the distance of this cross section from 
the end of the segment in which it 
occurs, 
F = the horizontal strain exerted by either 
flange at A or B, that is, the hori- 
zontal component of the longitudinal 
strain if the flange be oblique. 
On the principle of the lever (10), the reaction of the leflb abutment 

= J W, and A B C is held in equilibrium by the reaction of the lefl 

w 

abutment, the horizontal flange-str^ns at A and B, the shearing- 
strain in the cross section A B, and the horizontal strains in the web 
when continuous. Neglecting these latter when the web is thin, 
and taldng the moments of the other forces round A or B, we 
obtun the following relations : — 

^ W^ = Frf (14) 



whence 



W = — (15) 

nx 



and 



F = 5^ (.6, 

flaaipc — stralBS occur at the welirli^t. — 

If the cross section be taken at the weight, x z= m, and eqs. 15 
and 16 become 

W=^ (17) 

rnn 

F = -^ (18) 

JT attuns its greatest value when it equals m ; hence, comparing 
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eqs. IG and 18, we find that the horizontal strain at any point in 
cither flange attiiins its greatest value when the weight rests there. 

89. Singrle moTlngr load^ strains in flangrefi proportional 
to tiie rectangle under tiie nefrnientfi. — If W is a moving 
h)ad and the flanges are parallel the maximum strain at any point 
in either flange occurs when the load is passing that point and is 
proportional to win, that is, to the rectangle under the segments. 

M. Weiviit at centre. — This rectangle attains its greatest value 
when the weight is at the centre, in which case eqs. 17 and 18 
become 

W = ip (19) 

F = ^^ (20) 

Ex. A cant-iroit girder m 20 feet long and 274 icches deep, an<l tho area of the 
bottffin flange =? 16 X 3 = 4S inches. If the tearing inck-ntrRin of cast-inm be 7t<in8, 
«bat weight laiil on the midiile of the ginler will break it acrusii by tearing the 
bottom flange ? 

Here. I = 2« feet, 

'/ = 27T> inches, 

f = 7 tons inch itrain, 

a = 48 inches, 

F =: 7 48 = SS6 tona. 

AntKtr (eq. 19). W = i^ = ^^^"^^ = ^^^'^ **^ "'^^'y* 

84. Web — ShearlBftHitraiB. — ITie ahearing-atrain in each seg- 
meni is umform throughout that segment and equals the pressure 
which is transmitted through it to the abutment. Thus, in Fig. 

11, the shearing-strain at A B = ? W = the reaction of the 

left abutment. This shearing-strain is uniform throughout the left 
segment, while that in the right segment is also uniform and equals 

yW. When both flanges are horizontal the entire shearing- 

strain is transmitted through the web (15), and each segment 
should have its web of uniform area adequate to sustain a shearing- 
stiTiin equal to the reaction of the adjacent abutment. Conse- 
quently, when a single weight rests on the centre of a girder with 
horizontal flanges, the section of the web should be uniform 



■ii 
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thioaghoat its whole length, as it suetains a uniform shearing- 
strain = — 

U. Several weirbts resllnir on (he girder.— Wlien aereral 
wcighta rest upon the girder the simploflt metJioil of calculating the 
etrain at any point in either flange is to determine the etnun for 
«aph weight aeparately. The sum of the separate etnuns will be 
the total strain due to the collective weights. 

S0. Slnfflr Dxed load — Plan of r>t4(^r of nnllbrm streDRlh, 
deplh eonstanl.^Whcn both flanges are horizontal, we have from 
en. 16, 

/= '2]^ (21) 

where /and o represent the unit-strain and area of either flange at 

a distance x measured from the abutment. When the girder is of 

uniform strength, / is constant throughout each flange antl a will 

Fi?. 1?.-Plin. vary as j-. Hence, if the 

depth of the flange be 

uniform, its width will 

vary ns x, and the plan 

of the flange will be two 

triangles united at their 

bases aa in Fig. 12, 

r«it ileep, aupports aloiul or 10 tons 




Kn. 1. Agi'ilerlBteFig. II), 50 foet li 
■I 8 FmI from one end ; what Hhoald bo the wea in 
Uw incb-itnun nift; nut eined 4 Iudb ) 

Heie, W = IB tons, 
( = SO (set. 



tU« ii: 



lilto of It 



tnp flange m ttiM 



lrin.tr (eq. 211 o = 



n ^ feet, 

JT = 2B feet, 
H^W _ X 25X 1 
d/J 



K«. 'I. What i* tbe (tnin in either flange tH. Ma IokI > 
Here, m ^ *1 feet, 

Sf. filni^e Dxed load— Elevnllon of slrder of anlfbrm 
■tre«c«b. breadth vonslanf. — If, however, one flange behnriwn- 
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apply to the horizonlat I 
will va: 
elevatioi 



aa jir, and tbe | 
f the girder will 
be n triangle whose a|>ex 
U at the weight, Fig. 13. 
Id this case the aheor- 
ing-strain is traii«tnitted 
through the oblique 
flange; the web may tiiercfore be omitted and the ginler becotned 
the simplest form of truss. The longitudinal etnun in the oblique 
flange may be calculated according t« the principle explained in ». 
When the weight rcstH upon the horizontal flange, a strut A u 
required of sufficient strength to support W and troosnut its 
weight to the apex. 

a^ Single tnoTlnr load— eb^nrlnr^lralB.— If the load be 
a moving load the shearing-atmin in ellhcr Bcgmeot varies directly 
na tbe length of the other segment (U). Conecquently it attaint 
its greatest value at each point just as the weight passes, when 
it suddenly changes both in amount and in the direction in which it 
is transmitted, to the right or lefY nbntnient as tlic case may be. 
In this cose the maximum shear! ng-i<t mi n nt each section is jiropor^ 
tional to its distance from the further abutment and, if both flanges 
be horizontal, the area of the web should increase in the same ratio 



4 
I 



Fig. n. 




also — I'.r, 03 the onlinatcs of the | 
figure ABODE, Fig. U, 
wliich the borizoulol line A B 
prcFicnts the length of the f^er, I 
iiiul each of the vertical lines AE I 
mill B C rcjiresents the weight off 

the piisaing load. 

SO. (ilnvie movlnr lond — Pliui of cfrder 

fllrvnKlli. d«plh ronatanl. — In ihcciiseot'a single load traverdng I 

a girder both uf whose flanges are horizontal, wc have at (he place I 

the weight is passing, from eq. Id, 

inW 



/ = 



(*i)l 
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where a and / represent the area and maximum unit-strain of either 
flange at the weight, and m and n represent the Icngtha of the two 
eegmenta into which the weight divides the girder at the moment 
of paasiiig. If the girder be of uniform strength, / will be constant 
throughout each flange and a wilt vary as the rectangle i 



Fig, 15,— Plim. 



I 



Hence, if the depth of 
the flange be uniform, it« 
breadth will vary as mn 
also, and the plan of the 
flange if Bymmetrical will 
be formed by the overlap 
of two parabolas whose 
vertices are at A A, Fig. 15. 

40. Single moTiDK iDiid — ElevallOD of gflrdcr of nnlfbnn 
•tmiBth, brvadlb constant. — If, however, one flange be horizon- 
tal and the other curved, / and a apply to the horizontal flange only. 




Fig. le —Eltva 




and, if its section be u 
form, d will vary as mn. 
Hence the elevation of 
tiie curved flange will be 
ii parabola whose axis is 
vertical and its vertex at A, Fig. 16. 

41. 8lngrl« moving lodd — #4traln In car«-ed flans*. — The 
maximum longitudinal stndn at any point in the curved flange 
of Fig. 16, i.e., the stj'ain when the weight rests over that ])oint, 
may be thus obtaineil Eq. 18 proves that the horizontal com- 
ponent of this longitudinal etrain ia equal to the strain in tlie 
horizontal flange at the eume cross section; it is therefore a known 
quantity and the longitudiuu) strain may be found from it as fol- 
lows: — Let the line A B, Fig, 17, represent F, i.e., the horizontal 
component ; draw A C parallel to the tan- 
gent of the curve at the given point and 
dr:iw B C perpendicular to A B ; then 
A C will represent the maximum longitu- 
dinal strain at the given point (9) and B C 
will represent its vertical component, or llmt portion of the shear- 
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iDg-etnun which is triinemittcd through the curved Uniige; tiiel 
roinaioder of the shearing-straJn passes through the woli, whw^fl 
indeotl prevents the girder from i(»«iiining a form similar to Fig. 13,^ 
n result thnt would occur were the curved fluiige flexible aod tbe 
web abseDt. 

49. SlBclc moving lond — Seetloa or rorrrd flMnxe, — Prom_ 
wlmt has juat been stmed it appears tliat the longitudinal strain iuM 
the curved flange = Fmc9 where roprceonla the tnclination ( 
the flange to a horisontal line. Ita sectiunal area should inoreaM ~] 
therefore as it approaches tlie abutmenta in proportion to moB, 
since by hypotheaifl F is constant. 



CASE IV.— FLANGED GIRDEB SUPPORTED AT IIOTH KSD8 ANO| 
LOADER PNIFOBMLT. 




49. i'launm.- — Let I = ihe length of ihe girder, 

ci = the depth of the girder nt any gireal 

cross section A B, 
w = the load per unit of length, 
W = (p/ = the whole load, 
F = the horizontal Htmin exerted by eithei 
flange iil A or B, that U. the Uori-I 
zontnl comiwnent of ihe lungitudinftll 
strain if the flnngu be ohliijuc, 
m and n = the segmenta into which the e<«tian| 
A B divides llic git^cr. 
The forces which keep A B C in ctiuilibrium nro llie reaction of| 

the right abutment (= ^\ the weights uniformly distribut* 

iJong A C {= wn), the horizontal stniliw of coinpresnon ami tcsni 
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in the flanges at A and B, the shearing-strain in the plane of section 
A B, and the horizontal strains in the web when continuous. 
Neglecting these latter forces when the web is very thin and taking 
the moments of the remainder round either A or B, we have (11) — 



whence 



^n - ivfi\ = Fd (23) 

2 2 ^ ^ 






and 

W = ^^ (25) 

mn 



Ex. A girder, 50 Feet long and 4 feet deep, BUpports a onifonnly diKiributed load of 
82 tons ; what is* the strain in citlier flange at 9 feet from one end I 

Here, w = 32 tons, 

/ = 50 feet, 

(2=4 feet, 

m = 9 feet, 

R = 50 — 9 = 41 feet 

J««^leq.24). F ^^ ^^^JJ^^^ 296 ions. 
^ ^ ' 2dl 2 X 4 X 50 



44. Straimi at centre of girder. — At the centre of the 
girder m = n = -, and we have from eq. 24, 



and 



F = 


8d ~ 


8d 


W 


8Fd 


1 



(26) 



(27) 



£z« A girder, 101 '2 feet long and 22'25 feet deep, tiipp*>rts a nniform htad of 1*68 
per running foot ; what is the strain at the centre of cither flange t 
Here, / = 101*2 feet, 
d- 22-25 feet^ 
10 = 1*6S tons per running foot. 

Annrer (eq. 26). F=^= IM X 1012 X 101-2 ^ ,j.g ^„„^ 
^ ' 6d 8 X 22-20 
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4A. Stui'lr wficlit rqalTBlent Id Cwlce (hr vrigl 
nntltormly dltitrlbatrd. — Coni]iiirinj; ciim. 18 and 24, we RaiTl 
that the homontsl strain at iiuy i>oint in either flnnge frnm a Riugtft J 
weight renting there is double that which wuuld be produced hyi 
the Hune load imifomily distributed. 

46. ShrArlB|r-«lrala. — The thearing-ttrain at the centre of L 
girder w cipher, and at any other cross xectwn it eifuaU tlie sum ^ 
the weigfiU between it and the centre. This will appear evident fro 
the coneidemtion that the shearing-strain at any section U iht 
pressure which is tranamitted to the abutment through that eectioilj 
Hence, with a uniformly distributed load, the sbeoring-stniin ill 
proportional to the distance from the centre of the girder where I 

it is cipher, and bcrcasea towards the ends, where it equals g-J 

as the ordinatea of a triangle. When both flanges are horizonta 
the sectional area of the web ought for economical reasons 
in this rotio also. Any surplus materiul would be more %-aIuabtfl 
for sustaining horizontal strains if placed in the fliinges, na tti 
leverage would be thereby increased. 

47. PLui of rl**^!* ot anlfonn strvogth, depth eoniHaat.— 

From cq. 24 we have, when both Hnngvs arc hoiizonlal, 

^~ 2^ 

a and / representing the area and unit-atraiii of either tluige at anjl 
section which divides the girder into segments containing tn and d 
linear units. If the girder t>c of uniform strength, / will be o 
Fig. IB.— Plan. Slant throughout 

flange (10), and a 
vary as inn. Hence, 
ihe depth of the flangj 
111- uiiilonu, its width wil| 
vary an tiin, and the pin 
of I lie flange will 
symmetrical be formed by the overlap of two parabolas wh« 
vertices are at A A, fig. 19. 




ris.5 


0.— EleTation. 








.. 
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48. Elevation of rii^er ot nnifbrm slrcDirth, breadth con- 
wtant.^ — If, however, the depth of the girder vary while the area of 
the borizonal flange retnaios unifomi. d will vary aa mn. Hence 
the elevation of the curved flange will be a parahola whose axis ia 
vertical with its vertex 
11 at A, Fig. 20. Id this 
case it may be shown that 
the whole ahcanng-stnun 
passes through the curved 
flange and that therefore no web is required for diagonal stnuna. 
\Vhen, however, the load rests upon the horizontal flange pillars, 
represented by vertical lines {or suspensioa rods, if Fig. 20 be 
inverted), are reijuired to convey the vertical pressure of each weight 
to the curved flange. 

The longitudinal strain in the curved flange increases towards 
the points of supjwrt and may be found by the method explained 

iuae. 

' 40. SnipcnsloD bridge — Carve of eqaUibrinn. — The hori- 
zontal flange, Fig. 20, prevents the ends of the curved flange from 
approaching each other ; the same effect may be produced by 
fastening the ends of the curved flange to the abutments, in which 
case, the load being suspended below the curved flange, we have 
the suspension bridge for a uniform horizontal load. The curve 
which un unloaded chain of uniform secUon assumes from its own 
weight is the catennry, which, however, differs but slightly from 
a parabola when the ratio of the deflection to the span does not 
exceed that commonly adopted for suspension bridges, viz., ^'j. 

If Fig. 20 be inverted and the horizontal flange replaced by solid 
abutments, to keep the arch from spreading, we have the arch of 
equilibrium for a uniform horizontal load, and when the arch baa 
merely its own weight to support the inverted catenary becomes 
the arch of equilibrium. 

Every change in the position of a load alters the form of the 
curve of equilibrium, whose horizontal eompomnt is uuiform ihrough- 
onl the whole ctirie; for it is obvious that, if the horizontal strun at 
one point of a flexible chain exccc<l that at another jwint, the 
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intcrmfHliate portioD will move towards tliat hkIo ud which ihm 
stronger puU U exerted 80 aa to conform to the position of equM 
libriurn. A siisjietisiou bridge being flexible neconiinndat^a itselq 
to each change of load, assuming at each moment the position u 
equilibrium for the particular load to wliicli it is temporarily su\m 
jectctl ; but neither the rigid flanges of a girder nor the voassoirt 
of & atone arch can thna aoit theinselvea to the changing poattim 
of the load. The web of the former and the si»andrils of ihc latti: 
are therefore requisite to enable a rigid Btriicturc to siislniii i 
variable load without fracture, which they do by converting wlmd 
would otlicrwiac be transverse etminjj in the arch or 6angea intx 
longitudinal imea. 

SO. Pannlnv f rain of nnUtorm denttlly — 9hcarlMS<«lralM. 
AVhcn a psvising luad, ^iicli as a railway train, Fig. 21. traverees a 
Fi^' 21. ■gilder, the shearing- 

throughout the unloaded 

segment may be found i 

Hows. Let the train be a 

ntiifonu density [ler runningg 

foot, and itn total length 1I0< 

3 than tliat of the girder 

Let / = the length of tlie girder, 

w = the weight of the train t>cr unit of length, 
nt and n = the segments into which the front of tlto train di^idcal 
the girder, 
R = the reaction of the left or unloaded ubntmeDt = tha| 
ehcaring-Btrain in the segment m. 
The girder is held in equilibrium by the upwanl reaction of e 
abutment and the downward prciiBure of the train. This lulter = 
ton, which we may conceive collected at its a^ntre of gravity who> 
distance from the right abutment = - (II)- Taking moment* round 




this abutment we have R/ = » 



Hence 



(lie rlieui-ing-stniiri thrungbout the unloaded fcgmeall 
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eidce it is transmitted through every section between the tront of 
the train iinJ the left abutment (l-i). As the train moves forward 
the shcaring-iitrain in front inci-eascs as the square of tJie loaded 
segment, and varies therefore as the ordinutes of a parabola, 
represented by the vertical lines of shading in tlie figure, 

51. naximtUQ Htralos la web occnr Mt the cod oT a pasBfay 
tmla. — It can be easily proved that the shearing-strain at any 
point A is greater when the load covers the longer segment than 
when it covers the whole girder. In the latter case the 
load is uniformly distributed all over, and the shear! ng-etrain 

at A = -- "j^ -- (46), but when the load covers the greater segment 



only, the shearing-strain at A = 



Subtracting the former 
The 



from the latter quantity we obtain the following result. 
shearing-B train at the end of a passing tnun of uniform density 
covering the greater segment of a girder exceeds that produced by 
a load of equal density, but extending over the whole girder, by 

a ijimntity equal to -^n^. where m represents the shorter segment. 

It will be observed that this excess is equal to the shearing-strain 
throughout the greater segment when the train covers the lesser 
segment only. 

ftt. ITniltirm load JwdpasBlnr train — Vl>b. — Let D E, Fig. 
2i, represent a railway girder, and let the ordinates D A and E C 
Fig. 22. represent the shear! ng-s I rains at 

its extremitie-s from a load uni- 
formly distributed over itB whole 
length, such as the permanent 
bridge-load. Draw A B and C B 
to the centre of D E and the 
onlinates of the figure OABC E 
rill represent the shearing-strains 
at each point due to this uniformly 
distributed load. Again, let D E and E H represent the shearing- 
st)-)uns at the estremilies from the greatest passing load of unilonn 
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density (say engines) when covering the whole girder. Draw 
the parabolas D Q H and EOF, and the ordinates of the figure 
D F Q H E will represent the greatest shearing-stndns due to this 
maximum passing load. The ordinates of the two figures combined, 
namely A B C H Q F will represent the greatest possible shearing- 
strains to which the girder is liable whatever may be the position 
of the passing load.* 

5S. HiamiiMi strabi in flaases ocear wHh ImUI all over. — 
The horizontal strains in the flanges attain their greatest value 
when the load covers the whole ^rdeir, for the stnun at each point 
equals the sum of those produced by each weight acting separately, 
and is consequently diminished by the removal of any one weight. 



^ Appendix to Pftper on Lattioe Beams. By W. B. Blood, E^sq., Proe. hut. Civ, 
Eng., Vol. xi.y p. 9. 
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CHAPTER III. 



TRANSVERaE STRAIN- 




. Trnnnverw Mraln. — Let Fig. 23 represent a scnii-girdcr 
I of any form whatever of cross section loaded at the extremity with 
I the weight W, and let I = the distance of W from any plane of 
eection AB. We know from experience that whenever a semi- 
Pi^ 2S_ girder such ns that deBCribed is 
[[ fuliject to tmnaverseatrain, deflection 
tiikea place, the upper edge being 
extended and the lower wige com- 
pressed. This lonjjitudind t-longatioti 
and shortening are not confiriul to 
ihc- outside fibres merely, but affect 
y tliose in the interior of the girder, 
I their change of length becoming less and less in direct proportion 
I lU their distance from the c<lge increases, as is proved by the linei 
I A B and W D remaining straight af\er deflection. 

69. Keolral sarfiicv. — The suiface of unaltered length N S at 

ir near the centre of tho girder, where extension ceases and com- 

I prcssion begins, is called tlic Neutral surface — a term calculated to 

I produce a false impression that thi« part of a girder is free from 

loll strain, whereas, as has been already staled (l-l), the weight, 

■ which is a vertical force, could not produce longitudinal strains in 

■ tlie fibres except through the medium of certain diagonal strains, 
f which, 08 will be shown hereafter, act probably with their greatest 
I intensity in the vicinity of the ncutnil surtiicc. The Neidral mrface 
k of any ffirdur u therffore that surface along which the retnltant 
I of tJte horitontal eomjtonenUs of all the diagonal forces eijuaU cipher; 
1 and according to thtt dcAnition it may be said to exist in diagonally 
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braood girders, in those at leaat in which the systems of triongulatioi 
are numerona. The reader will find his physical coaceptiooB i 
these diagonal struns much clearer after he has studied the acdoaj 
of diagonal bradng in succeeding chapters. 

SO. Wrufrul Ailfi-reulresorslraln— HeHaltantofhorUoiital' 
fbrres In any rro«ii ntcIIou eqanlii elpher. — Tho line al X {>er- 
Iicniliculsir to the |i!iine of the figure and formed by the intersection 
of the neutral surface with any cross section of the girder is calle« 
the Neutral line, or more generally, the Neutral axU of t 
particular seclion. The Neiiiral axis of anif section it therefore 
tht line of demarcation between the horizontal elastic forces on 
tenaian and eomprestion exerted by the fibres in that parttculaa 
eection of the girder. For these tonmle and compressive forces y 
may substitute their resultants. 

Let T = the resultant of the horizontal tensile forces above tl 
neutral axis, 
C = the resultant of the horizontal compressive forces below.l 

the neutral axis, 
8 = tho distance between the points of application of tbeeo 
resultants, 
called the Centres of strain, or for distinction's sake, the Centres of 
tension and compression. The segment ABWD is held in equi'i 
librium by the weight W, the boriwrntal resultants T and C, andj 
tho sheoring-stndn at the section A B. Taking momenta roun^ 
tlio centres of compression and tension succes^vcly, we have 

W/ = T5 = CS 
whence 

T = C (30) 

Thus in every girder of whatsoever form, the resultant of ail tJi« 
liorizonlul forces in any cross section equals cipher, or in otlierword 
the horizontal forces in any cross section balance each other. 

67. We may arrive at the same conclusion from the following' 
consideration. Suppose a loaded girder to rest on rollers at both 
ends so as to be perfectly free to move in a horizontal direc- 
tion. If we consider the forces acting at any cross section we fi 
that \)u:y may be resolved into three serice, ihe first of which id 



./J 

JO) 
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'ertical, viz., the sliearing'Stnun ; the second ie horizontal tending to 
it the segments apart, and the lliJrd ia likewise }iorizontal 
iding to draw them together. These horizonlal forcefl must 
LDoe, otherwise the girder would separate at the eectioD, sioce 
J hypothesis the segments are free to move horizontally on the 
jinte of eupport, 

SH. nomenf or raplnre, M. — The sum of the moments of 
le horizuntal forces iu any transverse sectjon round any point what- 
Mver is called the Moment of forces tending to produce rupture, 
w more briefly, the Moment of rupture of that particular section, 
because rupture generally ensues by the horizontal fibres ^ving 
ray. Representing the moment of rupture by the symbol M, we 
ave for a semi-girder loaded at the extremity, 

W/ = M (31) 

here / = the distance of W from the transverse section. 
It will be observed that the moment of rupture of any particular 
sction is constant, no matter round what point the moments uf the 
orizontal forces may be taken, since the sum of the tensile forces 
equal to the sum of the compressive forces so that they form a 
luple. 
The general case of a girder of any form of cross section ia simiLir 
D that of a flanged ^rdcr whose flanges arc at the centres of 
orizontal strain, and the foimul^e in the several ca^s of flanged 
irdcrs would bo applicable to this general case, if we only knew 
the residtants uf these horizontal tensile and compressive stnuna 
and also the distance between their points of application, 

SO. Smil-Klritcr loMdcd n( the vxtrcmUj' — Coefflclent of 
iptorei S. — The following method is frequently adopted for calcu- 
iting the breaking weight of solid rectangular or solid round 
lers, though applicable to otiier forms also, and possesses the 
Ivanlage of being founded on general reasoning indepcndenUy of 
ly assumption relating to the laws of elastic reaction or of direct 
[periments on the tensile and compressive strength of materials, 
'hich generally require E])e(nul apparatus and are therefore less 
lily made than expcrimente on transverse strength. We have 
seen that the relation between tlic weight, length, horizontal 
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elastic forces and distance between the centres of strain of a 
semi-^irder fixed at one end and loaded at the other, is expressed 
by the equation 

/ 

in which F represents indifferently the sum of the horizontal elastic 
forces either above or below the neutral axis, and is therefore 
proportional in girders of similar section to the number of horizontal 
fibres in the girder, that is, to its sectional area; i = the distance 
between the centres of strain and is evidently proportional to the 
depth, and I = the length (88). Hence we obtain the following 
relations for semi-girders loaded at the extremity : — 

W = ^ (32) 

S = ^ (88) 

in which W = the breaking weight, 

a = the sectional area, 

d = the depth, 

/ = the length, 
and S is a constant which must be determined for each material by 
finding experimentally the breaking weight of a girder of known 
dimensions and similar in section to that whose strength is required. 
The constant S is called the Coefficient of rupture* of that particular 
material and section from which it is derived, and equals the 
breaking weight of any semi-girder of similar section in which 

the quantity -,—= 1. 

By reasoning similar to that adopted in the several cases of 
Chapter II. we have the following formulae for girders supported 
and loaded in various ways : — 

00. Senl-slrder loaded anlfbrmly. 

W = ??f^ (34) 

tr 

* SometimeB calle<l the Modulw of rupture. 
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01. Cilrdfr Mupport«^ n( bolh eoAit and loaded a( a* 
ifvrmediafr point, the segments containing m and n linenr units 
1(1 / representing the length (= m + n). 

W = ?^ (36) 

S = -^ 07, 

OS. Uirdpr HnpiMrtcd At botb eads and loaded at tlie centre. 

W = 1*^ (38) 

68. HIrder supported at both ends and loaded anUbmUy. 

W = ??— (40) 

S = '^- (41) 

. Tahlr of ccH-ftlcirnli* of mptare. — These formulffi, 
tliough genemlly restricted in practice to solid rectangular and eoUd 
round prdera, are also applicable to girders of aoy f'unn provided 
they are similar in section to the experioiental girder from which 
the coefficient S for that form is derived. lu each class we must 
obtuin the coefficient of rupture for its particular section by expe- 
rimentally breaking a model girder. This has been done for certain 
forma of section and the results are given in Uie following tables 
vrtiich contain the values of S, or the eoegieienU of rupture, which 
in the case of sc^uare or round sections are the breaking weighls of 
wild scini-girdera whose length, depth, and breadth are each one 
Sncb, fixed at one end and loaded at the other. Hence, when uang 
these coe£Bcients in the preceding equations, all the dimensions 
phould be in inches. The reader may easily satisfy himself that the 
^tilnc of S is constant for all rectangular sections of the same depth, 
from the considcratiim that any numlwr of n^clniignlar girders of 
equal depth placed side by side have the same collective strength aa 
the single ginler which they would become if united laterally. Hence 

has the same value lyr the multiple girder as for one of its 
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component ginlers, and therefore, from ei|. 33, S is the same in 
both. 



CAST-IRON. 



Value of 

S 

in Tons. 



Small rectangular ban (not exceeding one inch in width), 

Large rectangnlar ban (three inches wide), 

Small round bars, .-•-.. 

Circular tubes of uniform thickness, 

Square tubes of uniform thickness, 

WROUGHT-IRON. 

New rectangnlar bars whoee deflection limits their utility, 
Rectangular bars previously strained by bending them while hot and 
straightening them when cold (4IO), ..... 
New round bars, -.---.-. 
Ciroular welded tubes of uniform thickness (boiler tubes), 
Circular riveted tubes of plate iron with transverse joints double riveted, 



3-40 
2'2.'> 
200 
2-85 
8-42 



8*82 

5-58 
2-25 
5-23 
3-26 



N.B. — ^The preceding ralues of S are taken frum CJ-ark on the Britannia ami 
Conway TuJtnUar Brid^ pages 436, 748. 



WOOD. 

SOUD RiCTANODLAB OlRDEBS AlTD Ssin-OlBDEBS. 



DESCRIPTION OF WOOD. 


IniUals of 
Experimentera. 


Spodflc 
Qravlty. 


Value of S 
In Ittfl. 


A'^it^<^^ ...... 


B. 


710 


1,867 


Ash, English, 








B. 


760 


2,026 


„ American, 








D.N. 


626 


1,795 


„ „ Swamp, • 








D. 


925 


1,165 


BUok, 








D. 


583 


861 


Beeoh, Englbh, 








B. 


696 


1,556 


„ AoMrioan White, • 








D. 


711 


1.380 


>» tt Ked, 








D.N. 


775 


1,739 


Birch, Common, 








B. 


711 


1,928 


„ American BUck, 








B.D.N. 


670 


2,061 


„ „ YeUow, • 








D. 


756 


1,335 


Box, Australian, • 








T. 


1,280 


2,445 


Bullet Tree, Uemerara, 








B.Y. 


1,052 


2,692 


Cabacally, • 








B. 
D. 


900 
548 


2,518 
1,123 


Cedar, Bermuda, • 








N.Y. 


748 


1,443 


„ Guadaloupe, 








N. 


756 


2,044 


„ American White, • 








D. 


854 


766 


„ of Lebanon, 








D. 


830 


1,498 


Crab Wood, Demeraia, 








Y. 


648 


1,875 


Deal, Christiana, - 








B. 


689 


1,562 


Elm, English, 








B.D. 


679 


782 


„ Canada Rock, .... 


D.N. 


725 


1,970 



^^^^^sB^I^^^^^H 
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DESCllimON OF WOOD. Espcilnjfnitnt 


epealSc 


-"t'^^ 




Fir, Mu Forest, 


B. 


696 


1,232 


„ Siirnoe, 






M, 


GOS 


!,3*8 




„ „ Ammcu Black, 






D. 


772 


1,038 










B.Y. 


9S5 


2.816 




Bamlook, - 






B. 


Bll 


1.143 




Hiokorjr. Aineiiiiui. 






D.N.M.y. 


631 


a,m 




.. Bitter Not. 






D. 


871 


1.485 




Inm Bu-k. AiutnJia, 






T. 


1,211 


2,388 




Inm Wood, C>D«1>, 






D. 


878 


1.800 










Y. 


1,323 


2.378 




I*roh. 






aD.M. 


6SB 


i,sas 




B American or TkUMaok. 






D, 


433 


an 




LiQUuiD Vitv, 






N. 


1,083 


3,013 




Loouit, Demenitt. 






B. 


es4 


3,430 




M»liog«ny. Nuttu. 






M.N.Y. 


esa 


1.71B 




Mangrove, Bennud. BUck, 






N. 


1,188 


1.896 




.. .. Wtit^. 






N. 


961 


1.985 




bbple. Soft CuiaJ*, 






U. 


076 


1,834 




Norw«y Sp»r, - 






B. 


fi77 


1,474 




0>k, Adriatic, - 






B.M. 


855 


1,471 




„ African, 






RD.M.N. 


OSS 


2,623 




„ Americui Un, 






N. 


1,180 


1,882 




„ R«i,' 






D.N. 


BG2 


1,887 




„ „ White, 






RD.M.N. 


77B 


1,743 




, D^lkc. . ■ 






B.M. 


720 


i,6ia 




„ Engli-I.. - 






B.D.M.N. 


823 


1,694 




„ 11.^, 






M. 


7»a 


1,68S 










M, 


798 


1,483 




,',' Meniei. 






M. 


727 


1,885 




Pine. Aiii«riu« fM, 






B.D.M.N.Y. 


E7C 


1,627* 








B.D. 


lia 


1,727 




„ ,', Whit^ - 






B-N-Y. 


432 


l,22» 




„ VoUow, - 






B.D.M. 


Goa 


1,185 




„ Arohangel, • 






M. 


551 


1,370 




,. Daubuo. 






M. 


5411 


1.420 




„ MwDel, 






M. 


801 


1,348 




„ Pruaian, 






M. 


6B0 


1,446 




:. HigN- 






B.M, 


054 


1,888 




,. Virginiau. . 






M. 


fiBO 


1.468 




P^. - 






B,M. 


673 


1.964 










N. 


1,06« 


8,306 




Spotted Giun, Aortrtlia, ■ 






T, 


1,036 


2.008 




Stringy Bark, Aoitralia, - 






T. 


037 


1,818 




TBokT - 






B.H.N. 


72a 


2,108 










y. 


1.1*7 


1.843 




Yellow Wood, Wert Indie. 


N. 


620 


2,103 






Corja n/ ttopal En-jintm, Vol. v. The initiaJ letten rater to the foll'iwing eipcri- 




menUra ;— B, Mr. BarloM ; D, U. UenisoD ; M, Mr. Moore ; N, Lt. Nelooa ; T, 
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STONE. 








DESCRIPTION OF STONE. 
(Generally uaed for Paving). 


Value of S 
in Dm. 


Aathority. 


Green Moor Yorkshire Bine Stone, 
Ditto ditto White do., 
Ciuthness, Scotland, 
Valentia, Ireland, ... 
WekhSUte, - - . . 


• 

• 


335 
359 

857 

871 

1,961 


G. Reunie. 

»♦ 
n 


The coefficients for stone are taken from 
p. 187. 


Barlow on the Strength of Alataials, 



Ex. 1. In an experiment made by the author, a wrought-imn bar, 4 inches deep and 
} inch wide, had a weight of 1,568 lbs. hang from one end, the other end being rigidly 
fixed. It commenced bending at 2 ft. 8 in. from the load, at a part which had been 
preTioosly softened in the fire and allowed to cool slowly. What is the value of S ? 

Here, W = 1,568 lbs. 
/ = 32 inches, 
d = i inches, 
a = 8 square inches. 

Annetr leq. 88). S = ^= _^2 X^l.568 ^ ^.gg ^^^ 
^ ' ad 3 X 4 X 2,240 

Comparing this with the tabular value of S for " new rectangular bars whose deflection 
limits their utility," it would appear that the useful strength of annealed bars is only 
one-half that of new bars fresh from the rolls. This result is confirmed by two of Mr. 
Hodgkinson*s experiments on annealed wrought-iron bars heated to redness and allowed 
to cool slowly. — (Appendix to Report of the CommUtUmerz on the Application of Iron to 
Railicay Structures, pp. 45, 46.) 

Ex. 2. The teeth of a cast-iron wheel are 3*5 inches long, 2'3 inches thick and 7 
inches wide ; what is the breaking weight of a tooth f 

Here, I = 8*5 inches, 
d = 2*8 inches, 
a = 16*1 square inches, 
8 = 2*25 tons. 
Aniwer (eq. 82). W = ^fi = 16*1 X 28 X2j5 ^ 33.3 ^^^ 

i O'O 

Ex. 3. A round wrought-iron shaft, 5 feet long and supported at the extremities, 
sustains a transverse strain of 30 tons at 14 inches from one end ; what should bo its 
diameter when on the point of yielding ? 

Here, W = 80 tons, 
/ = 5 feet, 
m =^ 14 inches, 
n = 46 inctios, 
G = 2*25 tons. 
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_ li X « X 30 _ 



14S'l iccliGs; but ad = 



"= V-JlM- ='■"■"'"■ 



Ex. 4. In an exiierimeiit mode bj Willutnt Andereon, Eaq-, » piece of memel timber, 
S inoliaa dwp and I \^ inohtn wide, ww wiourel; Gxed at one extremitj, tbe prajeoUng 
pan brbg 2 f«ct long. It (Uitaincd t, laid of fiUl'C Iba. at tbe end [or twenty hours 
wlUioat breaking ri^t kcron. ThU load, bowerer, upset the tiiober on tba lower or 
oorajiraiMuu Hide liuxt tba futcruiD. Wbal is tbe valne of S derivtid from thli cxp«ii- 

Here, W = GOl'5 Ibi. 

I = 2J inchei, 
d = 2 JDDhra, 
b = 1*91 incbei, 

nUsTklue of 3 eioeedi tbst giiEu ia tbe table, namely, 1,318 lbs. The piece of " 
memel iu this nperiamot was, however, remukablj itnught-griuned and well Masoned, 
and oanwqaently above the aTerage. 

68. Strenfflh of tilmllar cirders — liimit of siie. — It appears 
from the foregoing invcstigiiiion that the strength of similar girders 



nmitor gilders, and consequently tlie breaking weight W varies as a. 
The weight of the girder itself, however, varies as al, i.e., as the 
cuhe of its linear dimensions. If tliis weight, which we aholl call Q, 
equals -th of tbe breaking weight, we have in the case of girdera 
loaded uniformly (cqs, 34 aiid 40), 



KadS 
~t 

in which K = 2 for a semi-girder and 8 for a girders, upported at 
both ends. The breaking weight W of a similar girder n times 
longer is as follows: — 

W = "•^'"•^^ = .."Q. 
Bui ;i*G is the weight of the second girder. Hence, if iht 

tilar girder J 



^ 
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n times longer will break from its own weight This defines the 
theoretic limit of size of similar girders. 

66. Meotral axis paMies throourb centre of pravlty. — If the 

law of uniform elastic reaction holds good in girders subject to 
transverse strains, the horizontal elastic reaction exerted by each 
fibre will be in proportion to the extension or compression of the 
fibre, that is, in direct proportion to its distance from the neutral 
axis (7). Its amount will also be proportional to the sectional 
area of the fibre, and if the variable distance from the neutral axis 
be called y and the sectional area dff (differential of 0"), then the 
clastic force of the fibre may be represented by ydtr multiplied by 
a constant, and F, or the sum of the horizontal elastic forces on 

either side of the neutral axis, equals \y(2o' taken within proper 

limits and multiplied by the same constant. This integral for the 
horizontal elastic forces on the upper side of the neutral axis is equal 
to the similar expression for the horizontal elastic forces on the 
lower side (eq. 30). Now this equality is also the condition which 
determines the position of the centre of gravity of the section. 
Hence it follows, that within the limits of uniform elastic reaction, 
the neutral axis of any cross section passes through its centre of 
gravity^ and we have the following practical rule for finding the 
position of the neutral axis where the section is unsymmetrical, as 
in T* in)n, or a girder with unequal flanges. Cut a model of the 
cross section of the girder out of card-board and find its centre of 
gravity by balancing it on a knife-edge. This will give the position 
of the neutral axis of the girder accurately enough for practical 
purposes. 



1 
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CHAPTEll IV ^1 

OtRDERS OF VARIOUS SECTIONS. ^^| 

ng the strength of girders of any form whatsoever of cross section ^^H 
Pig. 24. is true, that is, that the fibres exert ^^| 




w 


toixies which arc projiortional to tlieir ^^H 
cliange of length, and therefore di- ^H 

from the neutral axis (3). Suppose ^^H 
a girder composed of longitudinal ^^H 
fibres of infinitesimal thickness, and ^H 

lot- 1,9 i-nnalrliM- tliP linriTnnt.al olnatin ^^H 


forces devclopeii by the weight W in any cross section AB, ^H 

Lot M = the uioment of rupture of the sectioa AB (98), ^| 

d ■= the depth of the girder, ^^k 

y = tlic variable distance of any fibre in the section AB ^H 

either above or below the neutral lutia, ^H 

f3 = the breadth of the section at the distance y from the ^^H 

the case of rectangular sections, ^^k 

fs= the horizontal unit-strain exerted by fibres in the section ^| 

AB at a given distjuice e from the neutral axis. ^| 

According to our assumption, the unit-strain in any other fibres at ^| 

n distance 2/ from the neutntl axis will be*^- Let the depth of ^| 

Uie latter fibres = dy (difiereutial of y) ; then the total horizontal ^^| 

force exerted by the fibres in the breadth |3 will =i-^yd'j. Tho ^^| 

moment of ihia force round the neutral axis =^^y*dy, and the ^^| 
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integral of this quantity will be the sum of the moments of all the 
horizontal elastic forces in the section A B round its neutral axis, 
that is, the moment of rupture of the section in question (5§). 
Representing this as before by the symbol M, we have 

M={J^yVy (42) 

in which the integral must be taken within proper limits for each 
form of cross section and may be readily found for those sections 
which occur in practice in the following manner.* 

68. Let A, = the distance of the top of the girder above the 

neutral axis, 
Aa = the distance of the bottom of the girder below the 
neutral axis. 
The expression for the moment of rupture becomes 

in which j3 if variable must be expressed in terms of ^. 

69. M fbr sections symmetrically disposed aroand the 
centre of fpravlty. — When the material is symmetrically disposed 
above and below the centre of gravity the neutral axis bisects 

the depth (66), and if (2 = the depth, we have Aj = A, = ^, and 

M=yj^1/3^Vy (44) 

The values of M for the usual forms of cross section are as 
follows, recollecting that/= the unit-strain in fibres whose distance 
from the neutral axis = c. 

30. M fbr a solid rectanurl^* 
Let b = the breadth, 
d = the depth. 
From eq. 44, 

* The reader will recognize the intt^ral yBi/hly aa that which ezpreHsea the Moment 
of Inertia of the cr-jss section ronnd its neutral aiia. 
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71. M fbr a solid square with one dla^ronal Terlleal. 

Let a = the semi-diagonal, 
b = the side of the square. 
The variable breadth )3 expressed in terms of y = 2 (a — y)\ sub- 
stituting this value in eq. 44, we have 

C t/o 

Integrating and reducing, 

n. M fbr a elrealar dlse. 

Let r z= the radius. 

The variable breadth )3 expressed in terms of y becomes 2 \/,2 yT 

Substituting this value in eq. 44, we have 

^ = YJo ^''' - y'y"'^!' 

Integrating and reducing, 

M = -f^l (47) 

98. M fbr a elrealar rlnur of anlfbrm thleknemi. 

Let r = the external radius, 
rj = the internal radius. 
The moment of rupture of a ring is equal to that of the external 
circle minus that of the internal one, and we have from eq. 47, 

M = ^(r« - r/) (48) 

If < = the thickness of the ring, rj = r — 1\ whence by substitu- 
tion in eq. 48, 

4c 
If the thickness be small compared Avith the radius the last three 
terms may be neglected, and we have 

M = 5/"^^ (49) 

• c 

94. M fbr an dUUptle dlse with one axis borlaontai. 

Let b = the horizontal semi-axis, 
d = the vertical semi-axis. 
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gravity of the two flanges (66), and we have Aj = -i- and Aj = 2»_. 
Hence, by substitution, 

M = "' Jf •'- (54) 

98. M fbr tbe section of a flanged irirder or reetanirnlar 
tnbe^ Inclndlnur the web. — When, however, the horizontal strains 
in the web are too considerable to be safely neglected, the moment 
of rupture of the web, derived from eq. 43, must be added to that 
just obtained for the flanges (eq. 53), when we have 

^ ={{(«• + 3 )*'' + {"^ + -4 )*«'} (^^> 

99. M for the section of a flanged girder or rectangular 
tnlie with eqnai flanges^ indndlng the web. — If the flanges 
have equal areas the neutral axis will be in the middle of the 

depth, in which case A, = A^ = - , and eq.55 becomes 

M = f£ (6a + a') (56) 

where a = the area of either flange, 
a' = the area of the web. 
The moment of rupture of a rectangular tube with flanges of 
equal area may also be obtained from eq. 45 by subtracting the 
moment of rupture of the inner from that of the outer rectangle as 
follows, 

M = j-^(W»-M.') (57) 

where b = the external breadth, 

61 = the internal breadth, 

d = the external depth, 

di = the internal depth. 

80. M for the section of a square talie of uniform thicluiess^ 
either with the sides or one diagonal verticaL — ^From cqs. 

45 and 46, 

M =i<^P (58) 

where b = the external breadth of the tube, 
ftj =z the internal breadth of the tube. 
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If ( = the thickncsa of tlie tube, Jj = 6 — 2(; substituting this 
value in eq. 5H, expanding, and neglecting tlie terms in which the 
higher powers of t occur, we have wheo the tiiickness ia small 
oompared with the breadth of the tube, 



M = 



3c 



(59) 



When the value oF M is kiiovm fur any particular section of 
girder wc can easily find the value of the weight W in terms of/, 
or vice versa, ae explained in the following iMsea : — 



CASE I. — gEMI-OIBDERS LOADED AT THE EXTKEMITr. 




Hi. Let W = the weight at the extremity, 

/ = the distance of W from any cross section A B, 
M = the moment of rupture of the section A B. 
The forces wliich keep the segment A B W in equilibrium are the 
weight W, the shearing strain at A B, and the horizontal elastic 
forces developed in the same section. Taking the momenta of all 
theee forc&> roimd the neutral axis we huve (eq. 31 ), 

Wi = M (60) 



tit. Solid ree(jui|pilar «eml-Ktrdem. 

Let 6 =1 the brejidlh, 
</ = the depth. 
From e«i8 45 and t!0. 



W/ = •'. 
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where/ = the uiiit^train iq fibres whose distance froni the neutr 
axis = B. 

If, however,/ = Uie iinit^liuin in the extreme fibres, c ^ s 

we have 

Bi. A piece of tekk, i iuehM deep and 1^ 'uujLtt wide, is fixsd kt one eitr 
what woi^jbt linng 3 feet from the point of MtMbment will brenk it MTOI 
cnuliing inchatruQ of leak being 13,000 tla. t 
Here, I = 3 feet, 

& — I-atinehoi, 
il = a iuehei, 
/ = 12.000 llw. 

ia. QOo X i Bi xaxa _ 



«t 



< 24 



= at7 Iba. 



Httwbing strength of tcok bedag cuoildenlily loa thwi iu teving itiength, niptar* J 
» (nun Ibu cruebliig of tiia fibm mi the compreoed aide. 

M> t2«onetric«l prooK — Kq. til intty be easily dedaced from I 
geometrical consideration its I'dHows: — 

Let the rectangle ABCD, Fig. 26, represent iu an exaggerated^ 
Fit:, 2(1. degree the aide view of any small 

imusvcrae slice whose breadth be- 
fore deflection =; AB. Suppose 

' upper edge afler deflection J 
stretched out to the length A6,r 
Lud the lower edge compressed to 1 
Cd; then the lines of shading I 
the two triangles wilt represent 1 
the tdtenition of length of the intermediate fibres, N5 bcingl 
the neutral surface which divides the section into equal parts (M). f 
The sum of the horizontal foroee exerted by the fibres in either the I 
upper or the lower half of the section ia equal to the product of the I 
half section by the mean unit-strain of the fibres, and i^/— the unit- 1 

fitrmn in the extreme fibres, then ^ is the mean unit-strain of all the I 

i I 

fibres, for it equals the unit-strain exerted by the fibres lying I 
mid-way belwecn the neutral surface and either the upper or the f 




^Btam 
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lower edge (1). The total etniin of tension in the upper half, and 
ihHt of compression in the lower half, are tlierefore each equal to 
Y^ -,5"t wliere b and d represent the breadth and depth of the sec- 
tion. Moreo\-cr, since the horizontal forcsea in the various fibree are 
proportional to the lines of shading in the two triangles (7), the 
centres of tension and compression (a«) coincide with the centres of 
gravity of the two triangles, and their distance apart therefore = ^d. 
Hence, taking momenta round either centre of strain, we have as 



before, 



Wi = 



fM^ 



fH. Solid Nqoare Hcml-ifirders wllh dlavonal verlloal — 
Solid square Klrden with (he Mdefi verllral art- l-4i'l lines 
■Ironirer Ihau Mitb one dlaironid vertical. — If one diagonal is 
vertical, we have from cqs. 46 and 60, 

where/= the unit-strain in fibres whose distance from the neutral 
Bxia = e. 

If, howcTer,/ = the unit-strain in the extreme fibres, c = -;=-, 
and we have 



" 8-5; 



(62) 



Comparing eqs. 61 and 62, we find that the transverse strength of 
a solid square girder with the aides vertical = -^ = r414 times the 
strength of the same girder with the diagonal vertical. 

M, — The strength of square semi-girders in the direction of 

F'f-'^T their diagonals may be investigated in a 

ditl'urent manner as follows. 
^HHjH^^^H Let Fig. 27 represent a cross section of 
|BHH9^H the girder, and let the line AB represent the 
^^^H^^l^^l shearing force acting downwards. We may 
Bn^Hn^^H conceive this replaced by its components AC 
^^IBQ^^^^I and AD parallel to the sides of the girder. 
Since the section is square each component 



lal- 



V-J 



=. Now the fiirce AC will produce tension in the 
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side parullcl to A D, and tlie force A D will protluiw tcnaion in the 
side jMirallel to A C ; tlio corner will therefore eustaiti twice the 
stnuu tliftt either component alone would proiluoe, tliiit Is, it will 
sustain a strain which would be produced hy a forc« equal to t=- 
(= 1-414 A B), acting in the direction of one side, which result 
agreea with that already oblnjned. 

§6. KeplBMffnlar cirdrr of maslmiun sfrcngtl* cut oot of* 
e^llndrr. — It is sometimes required to cut a rcctajigulor girder of 
maximum strength out of round timber. 

Let D = the diameter of the logi 

b = tho breadth of tlie girder of 

maximum strength, 
d = its depth. 
From eq. 01 the strength of a rectuii- 
:ular girder is maximum when hd* in 
iiaximum, or, einoe d^ = D' — b*, when 
l/D' — i' is maximum. Equating the 
dtfierential coefficient of tills quantily to 



Fig. as. 




cipher, wc liavt- 



In 



from which we derive the following rule. Erect a perpendicular 
p at one-third of tho length of the diameter ; from the point where 
this perpendicular intersects the circumference draw two lines b 
and d to the extremiUos of the diameter; then t' = -D' ' 
S7. Solid round seml-^rdera. 
Let r = the mdiua. 
From eqs. 47 and 60, 

W/ = ''■'''- 
4c 
where/ = the unit-etRun in fibres whose distance from tlic neutral 



If, however, /= tlio unit-stniin in the extreme fibres, c = r, mid 
W='!^ (03)1 

* £a^lid, Dook VI. ; Cor., pinu, h. 
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Hi^. tiiona Minare nrlrdera are t-7 (lmr« rm ^tmng nm Ibe 
Insrribrd circle, and O-O limei* an strong tm (lie rireii inscribed 
circle^ — Comparing eqs, 61 and 63, we find tliat the etrcngth of a 
solid square girder ia 17 times that of the solid inscribed cylinder, 
whereas ita etrecgth ia only ^-^^ = 06 times that of the solid cir- 
cumscribed cylinder. 

§S. Hollow round (lenii-slrderB of anin>mi thlckneHs. 
Let 7- — the external radius, 
/ 1 ~ the internal radius. 
From eqe. 48 and fiO, 



: the unit-atmin in fibres whose distance from the neutral 



where / : 
nxis = c. 

If, however, / = the unit-strain in the extreme fibres, c = r, and 

W= 2; ('•-'.'> (6<) 

If, moreover, the thickness of the tube be small compared with 
the radius, we have from eqa. 4il and 60, 

W = "-^J-' (65) 

where t represents the thickness of the tube. 

Bi. A tnbulw cnne pastot pUle iron U 11 fmt high v\d 2'4 feet (liamet<>r tit the 
hMO. The load od the crone iirodncea a croaa^atrun of SO looi acting at righC an(;tea 
la lin top of thp pout ; nhnt ahoold be the thickneK* uf the plating at Uie bane in onler 
tlutt the inch atnin ma; not exceed 3 toni 1 

Hero, W = 20 torn. 
1 = 11 feet, 
r = 1-3 teat, 
/ = 3 tDDB per cqaaiB inch. 



Aittter{e^. 83). ( 



1*35 incbe*. 



31416 X 8 X 12 X (1 
00. Centre of HoUd round girders nearly tweless. — The 

centre or core of a cylindrical girder may be removed without 
seasibly diminishing lU transverae strength ; for it appears from eqs. 
63 and 64 tlint the strengths of two cylinders of equal diameters, 

one solid and the other hollow, arena — .— ..in which rand r, are 

r* — r, 
the external and internal radii ; let r = nvj, then the ratio becomes 

'*—^- ; if, for ewunple, T4 = 2, the loss of strength in the hollow 



'•'Wl 
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cylinder amounts to only ^jtli of that of the solid cylinder while 
the saving of material amounts to ^th: For this, among other 
reasons, cylindrical castings, such as crane posts, should be made 
hollow. 

- 91. Hollow and solid cylinders of equal welirht. — It may 
also be shown that the transverse strength of a thin hollow cylinder 
is to that of a solid cylinder of equal weight as the diameter of the 
former is to the radius of the latter By eqs. 65 and 63 the ratio 

of the strength of a hollow to that of a solid cylinder = — ^, in 

^*i 

which r and t represent the radius and thickness of the hollow 
cylinder, and r^ represents the radius of the solid cylinder; 
since by hypothesis the two cylinders are of equal weight, we have 
2rt = ^i'; whence, by substitution, the ratio of strength becomes 

— , that is, as the diameter of the hollow cylinder is to the radius of 

the solid cylinder. 

98. Solid elllptle seml-ylrdeini. 

Let b = the horizontal semi-axis, 
d = the vertical semi-axis. 
From eqs. 50 and 60 we have 

v/i = 'f^f. 

4c 
where / = the unit-strain in fibres whose distance from the neutral 

axis = c. 

If, however, f = the unit-stnun in the extreme fibres, c = rf, and 

W = '^ (66) 

9S. Hollow elllptle seml-gfrdenu 

Let b = the external horizontal semi-axis, 
6 1 = the internal horizontal semi-axis, 
d = the external vertical semi-axis, 
di = the internal vertical semi-axis. 
From eqs. 51 and 60 we have 

where/ = the unit-strain at the distance c from the neutral axis. 
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If, however, / = the untt-Btrain in the extreme fibres, c = d, and 



W = ^^(M'-M.*) 



If, moreover, the thickness of the tube U amal! compared wit.li 
the shorter axis, we have from eqa. 5i and 60 



(68) 



where t = the thickneaa of the tube. 



9J. Flanged seml-ilrder or rectaiiRDlnr Inbr, tablns Ihr 
Mth into nceonnt. 

Let Aj = the area of the top flange, 
a, = the area of the bottom flange, 
Oj = the area of the web above the neutral axia, 
«( = the area of the web below the neutral axis, 
A, ^ the distance of the top flange above the neutral axis, 
/ij = the distance of the bottom flange below the neutral axis, 
/ = the unit-strain in fibres whose distance from the neutral 



From e<)9. (55) and (60), we have 

^=l{(»'+l')*''+(«-+l'>4 ""> 

9ft. Vlanired seml-ylrder or rrctnain>lttr Cube witb equal 

•. — If the flanges are equal, we have from eqs. 56 and CO, 



Wi = ^{6a 



■ a') 



where d = tlie depth of web, 

a = the area of either flange, 
a' = the area of the web, 

/ = the tmit-strain in fibres whose distance from the 
neutral axis = c. 



lf/= the unit-strain in either flange, <^ = i\< ""d v 



:1m 



(70) 



In the owe of a recl«ngular tube with pr|iinl fliinges llie fiiHowing 
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equation, aerived from eqs. 57 and GO, may be used instead of 
eq. 70, 

W = g^^ (M^ - 6,rV) (71) 

wliere h = the external breadth, 
/>! = the internal breadth, 
d = the external depth, 
</, = the internal depth, 

/ = the unit-strain in the extreme fibres, in which case 
d 

96. iNiwire tuhen, with sides TerilcaL — If the tube is square 
with vertical sides of uniform thickness, we have from eq. 71, 

If, moreover, the thickness of the tube is small compared with its 
breadth, we have from eqs. 59 and 60, 

W = ^f^p (73) 

where t = the thickness of the side of the tube. 

97. Square (iiliefi with dlaironai vertleal — ikinare tvhefli of 
anllbnn thieknemi with the sides Tertleal are 1*414 times 
stronn^r tiian with Hue diaironal Tertleal. — If one diagonal 
of the square tube is vertical, the sides being of equal thickness, wc 
liave from eqs. 58 and 60, 

where/ = the unit-strain at the distance e from the neutral axis. 
If / = the unit-strain in the extreme fibre, c = -^, and we have 

If, moreover, the thickness of the tube is small compared with its 
breadth, we have from eqs. 59 and 80, 

W = ^?^* (74*) 

where t = the thickness of the side of the tube. 

Comparing eqs. 72 and 74, we find that the strength of a square 
tube of uniform thickness with the side vertical equals 1*414 times 
the strength of the same tube with the diagonal vertical (84). 
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04. — Nqanre tuhvm or nnllbiin IhlckneAn with the sides rer- 
llritl mre 1*3 llniepi an ctlronic om the Inaeribed Inbe oT eqnnl 
thirifneHN, and O'SS (imeK a.« atmnir a« Hie elreumiierllied 
(abe orefinal tbleknesH — Mqaare and roand lobe* of equal 
tbIcluieHH and welfffal are of nearly equal strenicth. — 
Compjiring eqs. 73 and 65, wc find that the etrengtti of u square 
tube with vertical sides is to that of a round tube of equal thickness 
und whose diameter equals the side of the squfire (inscribed circle) 

as ^^ = 17 ; whereas the strength of the square tube with verti- 
cal sided is to that of a round tube of equal tliickneas but whose 
diameter equals tlic diagoutd of tbe square (circumscnbed circle) as 

g;j5 = 0-85. It also appears that the strength of the drcumecribed 

circle is twice that of the inscribed circle of equal thickuees. If 
square aDd round tubes are of equal thickaess and weight their 

peripheries will be equal, that is, ib = 'Ivr. or 6 = -^r, substituting 

this vnlue for b in eq. 73, and comparing the result with eq. 65, we 
iind that the relative strength of square tubes with vertical sides 
ODti round tubes of equal weight and thickness = ^ = 1-0472, or 
very nearly a ratio of equality, the square tube being very slightly 
stronger than the other. When semi-girders are subject to trans- 
verse strain in various directions like crane posts, the round tube is 
generally preferable to a square tube of equal weight, as the latter 
is much weaker in the direction of the diagonals (91). 

09. Talae of web In aid of tbe San^eii.— The strength of a 
girder with equal flanges and contUiuoue web, in which full credit 
is given to the web for the liorizontal strains which it sust^ns, is 
equal to the strength derived from the flanges alone plus that 
derived from the web acting as an independent rectangidar girder 
(M), Bk}s. 5 and 70 prove that a continuovt web, in a girder with 
Jfanges of fqiial area, does Iheorelicallr/ as much duty in aid of the 
Jlauga as if one-sixth of tlie web were added to each Jlamje and the 
xeeh were tnade of bracing. 

loo. Plan of ffolld rectansnlar fteatl-iirder or nnlfbm 
mrenvth, depth condtant.^From eq. 61, the unit-strain in the 
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extreme fibres of & soIiJ rectangulair 
6^W 



SL-iiii-ginler / = 



1<P' 



If the eCRU- 



•,'irJ(;r be of uniform atrengtli (I9), 
I / ivill be constant, and consequently 

the quantity i-,,, to which / ia pro- 
portional, will also be constant. 
Hence, if the depth of the girder 
be unirorm, b will vary aa I, llut \a 

the plan of the girder will be triangular, Fig. ^9. 

101. Elr«n(loo of solid rrrliuivBlMr NCBtl-frlrdrr Of DBtftna 

slrrnflb. breadth rouH^Bnl. — If, however, the breadth be uni- 
foTio, iP will vary as /, and if the 
top of the girder be horizontal the 
bottom will be bounded by a para- 
bola whoae vert<?x ia at W anil its 
> horizontal. Fig. 30. 



■OS. liiolld ruuud Ht-ini-cirdrr of aain>rm ■irrnstli. — From 
j.HH. tlie iinil-siniiTi in the extreme fibres of a solid round eenii- 



unifomi, r* will vary as /, and the 
li-girder will be a solid formed by 
revolution of a cubio parabola 
round a horizontal axis. Fig. 31 . The 
l>eak of an anvil is a rude approxi- 
mation to tliia fonn of semi-^rder. 
■OS. Hollow round »cnl-ir>>^T of nnlAinn atrrogth.^- 
From eq fio, ihe unit-atrain in the exfrpnie fibres of a thin round 

tube /"= —i-- If its strength be imiform, f will be constant 

and r^l will vary as /. Wlicn the tliiekuesa ia conalaal, »* will 
vary as /, and a hollow semi-girder, formed by the revolution of 
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CHAP, rv.] 

IL ptirabolH round a liorizontal nxie, will rtsult. This, for instoDce, 
is ihfi theoretic form for a hollow crane post of plate iron; the cir- 
cunwcribing cone, however, ia preferable in practice, as it is more 
Ma\y conotrucfed. 

CASE II. — 8EJII-GIRDER8 LOADED UNIFORMLY. 
Fig. 32. 






IIM. Let ^ = the disfancc of any cross section AB from the 
extremity of the girder, 
w = the load per linear unit, 
W = W = the sum of the weiglits resting on AC, 
M = the moment of rupture of the section AB. 
The forces which keep ABC in equilibrium are the weights 
tiniformly distributed along AC, the shearing-strain at AB, and 
the horizontal elastic forces developed in the same section. Taking 
the moments of nil these forces round the neutral axis of the section 
AB, and recollecting that the sum of the moments of the sejiarate 
weights is equivalent to the moment of a single weight equal to 
their sum and placed at their centre of gravity (II), wo have (5S), 



V/- = 



I ii-P 



= M 



lOS. I^ulld rectaniriilar Heml-^drra. 

we have 



(75) 
—From eqa. 45 and TS, 



(76) 

in which b and d represent the breadth and depth of the girder, and 
/= the unit-strain in the outer fibres at top and bottom, in which 



lOV. Solid runnd Hcml-KirderK.^From eqs. 47 and 75, 

W = '^ (J7) 
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where r = the radius and / = the unit-strain in the extreme fibrcs at 
top and bottom, in which case c = r. 

107. Hollow round seml-n^irders of aBifbrm thiekiiesff. — 

From eqs. 48 and 75, 

W = g ('* - »•/) • (78) 

in which r represents the external and r^ the internal radius, and 
/ = the unit-strain in the extreme fibres at top and bottom. If, 
moreover, the thickness t is inconsiderable compared witli the 
radius we have from eqs. 49 and 75, 

W = ^''' (79) 

108. Fkmsed seml-irii^^>v on rcctanipilar tabefli, takini^ 
the web Into aceonnt. — ^From eqs. 55 and 75, 

W = |{(«.+?)v + («, + |^)v} (80) 

where a^ = the area of the top flange, 

a, = the area of the bottom flange, 
a, = the area of the web above the neutral axis, 
a^ = the area of the web below the neutral axis, 
7ti z= the distance of the top flange above the neutral axis, 
A3 = the distance of the bottom flange below the neutral axis, 
/ = the unit-strain in fibres whose distance from the neutral 
axis = c. 
If the flanges are equal and if/= the unit-strain in either flange, 

we have from eqs. 56 and 75, 

W = ?f (a + =:) (81, 

where a = the area of either flange, 

a' = the area of the web, 

d = the depth of the web. 
109* Plan of solid reetani^olar semHrlrder of nnlfbrm 
•trenf^thj depth constant. — From eq. 76, the unit-strain in the 
outer fibres of a solid rectangular semi-girder loaded unifonnly, 

^'^ b(P 

W 

in which w represents the load on the imit of length, = -^. 
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When the strength of the gi 



aniform tliroughout its 
p 
length (19), the quaiitily j-^, lo 

whicli/ia proportional, is constant, 
and if d be uniform, b will vary aa 
/*, uiid the [ilan of the girder will 
if Byinnietiical be bounded by two 
[lurubolas whose common vertex is 
at A and the axis vertical, Fig. 
33 
I lO. FJei BliOD or flolid rectanirnlar seml-vlrder of nnUtorM 

slrenglh, breadth constant. — If, however, the breadth be uni- 

lonn, d will vaiy aa /, and the elevation of the girder will be 

triangular. 
III. Solid roynd Beml-Rlrdc'r of tmilbrm Btrra^h. — From 

C]. 77 the unit-slniin in the extreme fibres of a solid round aemi- 

ginler loaded uniformly, 




/ = 



iwi-' 



If the strength be uniform, H will vary aa /', and the semi-girder 
will be a solid formed by the revolution of a semi-cubic parabola 
round a horizontal axis. 

119. nollow round senU-itirder of nnlfbrm strenirtb. — From 
en. 7il tlie unit-strain in the extreme fibres of a thin round tube. 



/= 






If tho Strength be unifurm, r''t will vary iia P. Hence, it' I b« 
constant, r will vtiry ai I and the tube will be conicul. 
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OIRDRBS SnPPOBTED AT BOTH GNUS AND [.OADBD 
AT AN INTEKMEDIATE POINT. 




IIS. Let W = the weight, ilivKliiig the gintcr into scgmeni 
coDlaining respectively m and n lineiu' uiate, 
/ =: in -{• n = the length of the girder, 
.r = the distance of anj cross section AB from 
end of the girder which ia remote fnim W, 
M = the moment of rupture of the section A B. 
On the principle of the lever the reaction of the left abutment 
J W, nnd ABC ia held in equilibrium by this reaction, tl 
shearing-strain at A B, and the horizontal elastic forces develo] 
in the same section. Taking the moments of all these forces roi 
the neutral axis of the eectioo A B, we have (AS), 



/ 



m 



When / = the unit-atnun in the extreme fibres at top or boti 
c = the distance of the top or bottom from the neutral axa, and 
have the following expressions for the strength of each class of gird* 
114. Solid rrcUiBsniMr slrderg, — 
Let b = tlie breadth, 
rf= ihe deplh. 
From eqa. 45 and 82, 

Gnx ^ * 

If both the weight and cross ecction are at LJie centre of the 

j: = II = -, and 



w=- 



(8i 
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115. ISoltd round (Irders.— Fium eqs. 47 and 82, 

w = V/r" 

in whiuli ?■ = tlie radius, 

ir both the weight and croea aection are at the ccutre, 

116. Hollow round glrdrrs or nnllbrai lUlcknvaa.—l' 

tqa. 48 and i<3, 



(86) 



W 



-^/i 



ii-A-'-"') 



4nrj! 



(87) 



where r and r, represent the external and internal radii, 
If both the weight and cross sectdon are at the centre, 



(88) 



If the thickness t is inconsiderable compared with the radius, i 
have from eqs. 49 and 8 



w = tfrl' 



(89) 



-, the weight and cross section ore at the centre, 

W=*-^p (90) 

IIT. irianired girders or reetansalar tubes. Inking the web 
Into aecoitnt. — From eqs. 55 and 82, 



W: 



A 



{(..,.J)v 



+ «.+ 



V} 



(91) 



where a 



, =: the area of the upper flange, 
a, = the area of the lower flange, 
(ij = the area of the web above the neutral axis, 
a, = the area of the web below the neutral axis, 
A, = the height of the web above the neutnd axi^i, 
A, = the hfij^ht of ihe web below the neutral axis, 
/'= the unit-stmiii in fibres whose distance from the neutnd 
ax id = r. 
If the flanges are equal and/= the unit-strain in either flange, wc 
have from eqs, 56 and 82, 



W='-'- 



(i»2) , 



Gi 
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ia wliidi a = the area of cither flange, 

n' = the nrcfi of the web, 

fi = tlic depth from centre to centre of flange. 
If, inorcnver, the weight and cross section iire at the centre 



W 



-i& 



(-4) 



(93) 



ll§. Plan or«olld r««liuirnlKr cUrder of oniltorm Rfrravth, 
drptb eonstniti. — Frum ei|. K3 the iinii-stnun in the extreme J 
fibres of a solid reclangiiW girder, 



J = 



/',/»/ 



When the strength of the girder i 



^ 



uniform, the quantity 7-^. 

liieh / is proportio 
ill be oonstiuit. Hence, I 
the depth it is uiiifumi, I 
wi\l vury aa je and the I 
hui of tlic girder will bo 1 
votrionglcsjuiDedattheir I 
ises. Fig. 35. 
119. ElevatioD of Holid rertniiKnlnr gtrder of unlltorm | 
■trenKlh, breadtb constjuit.— If, however, the breadth be i 

Fi],-. :i'i -KiKv.itinii. form, (/' v,-ill vary aa 

|] and if the ton of tho I 

girder le horizontal the I 

bottom will be bounded I 

by two pornbolas which I 

intersect underneath the weight, with honKonlal axes and thw | 

vertices at the exli«milieB of the girder. Fig. .1G. 

ISO. Solid ronad Rlrdn- ornnilbrm Hirrnslh.— Fi-om »{. itb | 
the unit-strain in the vxtrenie filirca of a solid round ginltr. 

If the strength be umform, H will vory as .r, and the girder will 
be fornic<l by two spindles Joinud at their base, each epindle being 
lirodoewl by the rovoliiliun tif a cubic panibolu round il.* axi.t. 
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191. Hollow round i^rder oi nnlltorm strrDglh. — From eq. 
83 the unU-Blrain in the exlreme fibres of a f.hio hollow cylinder, 



In a ginler of uiiit'orm strength the quantity ~, to which / ie 
proportional, will be constant; hence, it" ( be uniform, r^ will vary 
as X, and the girder will be formed by two hollow spindles joined 
at their bases, each spindle being generated by the revolution of 
a pambola round its axis. This, for instance, is the form which 
the hollow axis of a transit instrument should theoretically have, 
though a double cone is preferred in practice from ils greater facility 
of conslruction. 

IBS. ftlniflp mOTinv load — Plan of Hoild reotancalar girder 
of nnlflimi HtrcnBth, depth coD^tant — Elevallon of aamr, 
breadth coniilAiit. — If W be a miglf moving load, the masimuin 
etmin at each point will occur as the load passes that point, for x 
nttmns il^ greatest value when it etjuaLs m; henc«, eq. 83, the unit- 
Btnua in the extreme fibres of the section where ihe weight occurs, 

If the strength of the girder be uniform, j-^ will l>e o constant 

quantity, and if rf be uniform, /< will vary as the rectangle under the 
segments ; hence the plan 
j] of the girder if syrametri- 
»1 will be bounded by 
two overlapping iiarabolaa 
whose vertices are at A A. 
Fig. 37. If, however, the 
breadth be uniform, rf* will 
I and the elevation of ihe girder will be a semi-ellipse, 




twy aa n 
Pig. 38. 



Tig. 38,— Elo\ 




QTBDalW OF VAIUOUs SECTIONS. [cilAP. ItI 



CASK IV.— UIBDEKS SUPFOSTED AT BOTU ENDS AND tjUADKt» 
liSlF08Ml.y 



Pf- 



laa, Ijet / = the length of the girder, 

M = the lond per linc?ar imit, 

W = it/ = the whole load, 

m and n = the segtuenta into which anv given cross section I 

AB divides the girder, 

M = the moment of rupture of the section AB (S9). 

The forces which hold ABC in equilibrium ftre the re&ctioii of 1 



ir/ 



the right abutment, = , the weights uniformly dbtributed aloag I 

AC (= irn), the ehearing-s train at AB, and the horizontal elastic 1 
forces in Hie same section. Taking the moments of all these forces J 
round the ncutml axis of AB we have (AS), 

™=M (M)| 

Multiplying the left side of the equation by y ,we have 

When /= the unit-stmn in the extreme fibres of the sccUon, < 
their distance from the neutml axis, and wo have the following I 
expreaaionn for the atrength of each class of girder. 
194. Solid rv^tMivnlar irtrdeni. 
Let h = the brcndtli, 
<i = the depth. 
From eqfl. 45 and 96, 



(96) 



W;= 



3'«H 



(97)1 
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.e; 


If the crosfl section ia at the centre, m = n = ~, and 




^-T 


(38) 


IM. SoM round girder..— From e<l«. 47 and 96. 




W = gJ 


(99) 


ID which r = the radiuH. 




If the section is at the centre, m = w = 5, and 




W=^ 


(100) 






Let r = the external radius, 




r, = the internal radius. 




From eqs. 48 anil ilfi. 




W = £l (.*-./) 


(101) 


At the centre of the girder m = n = -, and 




7^=^': (,•_„., 


(102) 


If the thickness t is inconeidenible in comparison with the radius, ^^| 


we have from cqs. 49 and 96, 


M 


«=»>:■" 


(103) ^B 


If, moreover, the plane of section is at the centre. 


■ 


W-8'/'-'' 


(104) ■ 


ia7. rianved irlrdcrs or rMtaBroLu- (nbes, tmUmg (he ^| 




^H 


- = £{(». + l")v + («.-^')'-"} 


H 


Where a, = the area of the upper flange. 


■ 


rtj = the area of the lower flange, 




a, = the area of the web above the neutral axis. 


H 


a« = the area of the web below the neutral axis. 


■ 


h, = the height of the web alwve the neutral axis, 




A, = tlie height of the web below the neutral axis, 


1 


/ = the uiiii-Btraiji in fibres whose distance from the ^^| 


neutral axis = c. 


J 
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If the flanges are equal and if/ = the unil-etm'in 
r = 5, and we linvc from eqe. 56 ftnil 96, 

in wliicli (I =: the area of either flange, 
a' = the area of web, 
'/ = the depth of the web. 

Ai the (■cntrc m = ii = -, anil eq. 106 bccomea 

IS^. rijtn ofMilldivctMaRnliur vlrdtrroranUbrm Htrenstli. 
drplb c-nnNtAii<.^ — ^Froro eq. 97 the unit-atraiD in the extreme \ 
fibres of a solid rectangular girder, 

. 3w»,W 
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n eitlit^r fUuige, I 



(107)1 



/=' 



b<pl 



When the alrength of the girder id uDiform and the material conse- | 
quently disposed in the moat economical manner, the unit-strain/will | 

be uniform (lO), and thequantjt^?-^, to which it is proportional, wUl I 

Fit;. fo.—pLin. t>e constant. Hence, if I 

ihe depth d be uniform, f 
I' will vary as mn, and the | 
plan of the girder if sym- 
iiielrical will be formed 1 
l)y the overlap of two I 
pumboloa wliose vertices ] 
are at A A, Fig. \0. 

189, Elevaiifln nf nolld rfrtKDralar rlrdrr at anllbnn j 

FiK. <i.— Eli.-v.-.Ur)D. «treni*h, brr«dlli « 

Mtanl. — If, however, the J 
l>readtb be uniform, d* I 
will vary aa mn and the I 
flovaliouiifthcginlcrwill | 
be a Bciiii-clli|i»c, Kig. -II- 
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■to. DlBcrcpanry iM'twees experiments and theory — 
Sblfliug ofneutrBl ukIm — lionidtudliial streugrlh of mttterlato 
dertved ttvm trnuitverse KlraluA erroneous.— The student 
will naturally conclude that the turiiiiilie invcsUgatcd in the present 
and preceding cliaptera should give identical or nearly identical 
results when they are applied to the eame girder ; that, for instance, 
the bi-caking weight of a solid rectangular seini-girdcr, calculated 
by eq. 32, should closely agree with its breaking weight calculated 
by eq. 61; and, if our theory were complet«, this would no doubt 
be the cose. To test its accuracy let us compare these two eijua- 
IJona, when we obtain this result, 

.' = « 

that is, the value of 5 for solid rectangular ^rders of any given 
■naterial should equal one-sixth of the ultimate tearing or crushing 
strength of that material according as it yields by tearing or crush- 
ing. In many instances, however, this will be found to be far 
from the truth: for example, the value of S for small recl«ngular 
bars of cast-iron = 34 tons, and 6 times this (= 204 tons) far 
'jxceeds the tensile strength of cast-iron, which is about 7 tons per 
square inch. It must, indeed, be confessed that our theory la 
defective, and that the formulaJ for solid girders investigated in the 
present chapter give the breaking weight much under what it 
really is for many materials, and tliis discrepancy will probably be 
found more marked in those whose ultimate tearing strain ditfers 
widely from their ultimate cmshing strain. Confidence, however, 
may be placed in the formulae relating to hollow and flanged girders. 
Mr. Hodgklnson endeavours to explain this discrepancy by a 
change in tlie position of the neutral axis and gives some reasons 
for this hyiwthcsia derived from his experiments on caat-iron, at 
J>s^ 384 of his Krperimenlal Researrhfs on l/ie Strength of Cast-iron. 
This seems a plausible hypothesis, for if the neutral axis of a solid 
rectangular cast-iron girder approach its compressed edge as the 
weight increases, and after the limit of tensile elasticity has been 
passed by the Bbres along the extended edge, we shuU luive a larger 
]iroportion than one-half tlie girder subject to tension, and conse- 
quently tlic total horizontal tensile strnin may exceed that derived 
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from our theory whicb aeBunii?e that the neutral axia alvrajra | 
through the centre of gravity of the croaa Bection («6). Mr. ] 
Hodgkinson concludes from his eiperiments that the ncutm) t 
of a rectangular ^rder of coet-iron divides the depth in the jnv- I 
portion of ^ or ^ at the time of firacture, that is, the compreseed 1 
section U to the extended section nearly in the inverse proporUonl 
of the compressive to the tensile strength of the nintertal. 

The cx[>erunent8 on timber by the elder Barlow, given at ptgflJ 
133 of hia treatise On the Strength of MaUriuh, also corroborate I 
thia view. Mr. W. H. Barlow, however, controverts Mr. Hodgkin- I 
son's conclusions in two papers which will be found at |>age 225 I 
of the Philosophical TraneactiouB for 1855, and at page 463 of tha I 
Transactions for 1857. In the former of these papers ]Vlr. Barlow I 
gives the results of luicrometrical measurements on two cast-iron roc- 1 
tangular girders, each 7 feet long, B inches deep and 2 inches thicit, I 
which he subjected to transverse strain ; his inference from these I 
experiments is that the neutral axis does not shift its position, and 1 
this view ia iu accordance with experiments made long ago by Krl 
D. Brewster who transmitted polarized light through a little roC- 1 
tangular glass girder 6 inches long, 15 inch broad and 028 inob I 
thick ; when this waa bent by tranHverse pressure the ncutia] ( 
face remained ui the centre and colours due to strain were developed 1 
above and l)elow it in curved lines, which may at some future period 
ud the physicist in investigating the strains in continuous webs.* 
Unless, however, the tensile and comprcaaive clasticitica of glassare 
materially different, near the point of rupture, as they are in cast- ] 
iron when approaching its limit of tearing (40S), this experimaot I 
does not throw much light on the subject. The whole queetioD, f 
it must be confessed, is one of great di£6culty, and may reqatro I 
numerous experiments before it can be satisfactorily solved. Ono I 
practical inference, however, ia of great importance, namely, that I 
thf tmring and cruthing ttrengths of malfrials derived from experi- 1 
nienU on the tramnerte strength of solid ffirder» are often erroneota, I 
and hnve even led astray men of such oapdeity as Tredfrolil, 

* S«( Kiii^vl Mintrop. AtC Light, pitr. lli»0. 
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CHAPTER V 



SIMPLE FOIIMM OF RKACING. 

191. Oltlcct of bracing. — The iinmaiy object of bruuiug i« li> 
convert transverde stnuns into others which act in the direction 
of the leugth of the material employed and tend either to shorten 
or extend it, according as the material performs the function of a 
strut or tJe. 

Thia object is attained by dividing the structure into one or more 
triangles ; for since the triangle or some modification of it is the 
only geometric figure which possesses the property of preserving its 
form unaltered eo long as the lengths of its sides remain constant, 
it is therefore that which is best adapted for structures in which 
rigidity is essential for stability. Hence three pieces at least are 
required to constitute a braced structure. Take, for instance, tlic 
common roof truss which is on example of one of the simplest 
forms of bracing (Fig. 42). The weight W is transmitted tlurough 
^'•s- <5- a pair of struts S and S'. 

til the walls. As, how 
ever, the oblique thrust of 
tlici^lrutswouldovenlirow 
tlic walla it 




to connect their feet \>y n. 
lie-beam T. fj^ trft"»& 
I the iliffcrcnl part.^ niiiy be derived from the principle en ^ iat^sA 



189. Derrick crane.— 



c— Tiie derrick crane, Fig. 43, (^^ 
revolving post P, a jib J, n chain or tie-bar T, and two j*^*"**** 
one of which is .hown at 8, the other, lying in a pian^ ^t J'^^'^ 
to that of the figure, is not represented, being hidden U^^^^ 
The derrick cnme is generally made of wnr^l i, ;, .• *l* 

It '«B.t»^, .„ 



el»-: 



Btruction and easily erected Hence it 



■■' «-ell ndnpted f<>». 
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ivorkfl, a-t alfo for quarriea or othei 
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tuniions where the bitck alAyii I 
do nrti interfere with 

tlie InttEc. At the j 

licnk A tlirec forxxx I 

ini:i-t, viz.,UiCilown- I 

wiinl [>iiU ofW, the I 

teusionofthe lie-l)W | 

T and the obliquo I 

ihruBt of the jib J. I 
Since these t 

forces are in equiti- I 

brium their relntiro \ 
rLDiouat^ may be represontcJ by ihc aides of tbc triangle PTJ {•). 

Hence the teoeion of the lie-bar = =W iind thti compression of 

thejib=pW 

If the chfun pae« along T, and au over u pulley at down to the j 
eluun barrel bolt«d to tlie foot of the jHut, it relieves tlie lie-bar I 
of an amount of tension equal to that in the chain, namdyi W I 
divided by the number of falla in the hanging part of llio chain,* 

If, however, the I'liain pans along the jib, tlie compression of the 
hitter ia increased by an amount equal to the tension of the chain, j 
The tension in T being known, the strains in the post and hack- j 
stays, which are its components, are easily found. This o^ieratioa j 
is most conveniently performed by the aid of a skeleton tlingnuu 
(Fig. 43) drawn acourately to scale. Let tlic jib and one back-atny I 
lie in the same plane. Lay off Oc by ecole tu repretrnt tbo tei 

io Tl = pWJ and draw a!- parallel to B; then cd, moisured by I 

the same scale, will represent the tension in the hack-stay, and bd I 
the compression of the post. In this case the second bauk-stay is I 
free from strain, but when the jib does not lie in the some plane with 1 



ccunUly Irne. for the Friction of the block*, pullvy, fta, 
luian of the chain tccordiog u tJie weight h^ifviit to 
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either Imck-stay, both Imck-ataya are subject to strain; to it less 
tlegrte, however, tlian in the case alrewly considered as will appear 
from the following considerations. Let Fig. 44 represent a plun of 
Fig *4, the eranc, ^A and ^^ being the 

horizontal projections of the 
bact-stays, and bA that of 
ihe tie-bar and jib; let he 
represent the horizontal com- 
punent of the tension in the 
tie-bar (equal ce in Fig. 43), 
then t/and I'g will represent 
the horizontal components of 
the strains in the back-staye, and hence the etraim in Ihe back- 
stays can be found. It is obvious, however, that either bf or tig 
will attain its maximum when the tie-bar lies in the sajne plane 
with one of the back-stays. Hence the former case, in which the 
jib and one back-stay He in the same plane, is sutlicient for ua to 
consider when calculating the requisite strength of the stays. 

The strain in the post attains its greatest viduc when the plane 
of the tic-bars and jib bisects the angle between the back-stays, for 
then the sum of />f&nil hg is maximum, and consequently the sum 
of the verticid components of the strains in the stays is maximum 
also. But the strain transmitted through the post is equal to the 
sum of these vertical components + ^^ — ^he vertical component of 
the tendon in the tie-bar, according as the latter slopes downwanls 
or upwards from the head of the post. The back-slays act some- 
times OS struts, sometimes as ties, and when the jib is swung round 
eo as to lie alongside one of the back -stays, the latter will sustain 
ita maximum compression equal to the maximum tension produced 
when the jib and stay arc in the same plane. The radius of the 
circle described by the jib, or the range of the derrick, is generally 
capable of adjustment by lengthening or shortening the tic-bnr, which 
is then a chain attached to a small auxiliary crab-winch fastened to 
Ihe post near the working barrel, in which case the working chain 
[Huwcs along the jib. This form of dc^ril^k is convenient for setting 
inaronry as iis range is equiil to n circle described by the jib when 
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nearly honzunlal, in which poaition moreover the crane is i 
fcvcroly strnincd- 

ISS. Wbarf crmnr, — The wharf crane, unlike the tlen-iek umtic. I 
hoB no back-9tAy8. Consequently the post ia subject lo trunsvcn* I 
fie- *■'• stmin from the obli(]ue puU I 

of the tie-bar; it is in Gict I 
semi-ginlcr fixed in the I 
groiinil sind lotuled at llie I 
extremity. The stniina in | 
Ihe lio-bnr and jib are cal- 
culiitfd in the aimc w«y sa 
fur the derrick cmtie. The | 
moment of rupture (•§) of I 
the post attains its greatest I 
value at its interecctiuii with the ground and equals the horizontal I 
component of the tension in T multiplied by the height of the post 
above ground. It may, however, be more conveniently found at 
follows :— 

The whole crane above ac (the ground line) ia a bent senii-girdci 
held in equilibrium by the weight and the elastic forces at a (in this j 
case vertical). Taking monieat« round either the centre of tension j 
or the centre of compression at a (Jf 6), we have the moment of rup- 
ture = Wr, where r = the radius of the circle described by the jib. j 
From this it follows, that the transverse strain at a ia not aflbctcd by I 
increasing the height of the post, which, however, diminishes thu 
strains in the jib anil t)ie tie-bar, and is so far attended with advan- 
tage; neither is it affected by raising or lowering the peak of ihe jib 
in the came vertical line. It also follows that the strain on the post 
is incrwiseil when the weight is farther out than the circle described 
by the jib, for the leverage of W is then increased and attains it« 
greatest value when the chain is at right angles to the jib. If the 
post be fixed in the ground the frame, to which the jib, tie-bar and I 
wheelwork are attached, is generally suspended by a cross head from 
the top of the poet which forms a pivot round which the crosa-bead 
tunii>. In this form of cianc the weight is tmnstnittetl from the pivot , 
tlirough the whole length of the post in uddition tu the longttudinni 1 
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stniiua to whicli as a semi-girder it is liable, and the seclion o( the 
post elioiild theoretically be circular (98), eince it may be equally 
strained in nil directionB." When the post revolves on its axis, 
tho- jil) and wheelwork are bolted to it and all move together on a 
tiivot at the toe-plate A. In tbia caee the post should be double- flanged. 
The underground portion is subject to a vertical compression equal 
to the weight {viz., the difference of the vertical comjionenta of the 
strains in the jib and tie-bar) in addition to the longitudinal strain 
derived From its acting as a semi-girder. When the post moves round 
it« axis friction rollers may be lutvantageously placed between it 
and a curb plate which is secured to the masonry at a. 

To find the amount and direction of the pressure at the toe, join 
b with a point c vertically beneath W. The whole structure is 
balanced by three forces, viz., the weigbt W, ihe horizontal pressure 
against the curb plate at a, and the pressure on the toe at />. The 
two former forces pass through c; consequently the latter intersects 
them at the same point (9). Hence the sides of the triangle ate 
represent the rektivc amounts of these forces, and we have the 

hori;£»nIul comjwnent of the oblique pressure at l equal ftW. The 
vertical components equals W, which is otherwiM evident-t 

184. The A roor — In tlio common A roof, the span of which 
seldom exceeds 40 feet, each pmr of rafters is kept from exerting a 
^'e- <"■ latoj-al thrust against the 

wall by a tie-beam which 
is oflcn placed a few feet 
above the wall-plate for 
the sake of the head-room 
which this arrangement 
allows. Consequently 

each pair of rafters with 




• Sqn»re Inhulur i«i.U of bmler I'luta with «ngle iron at Uie cornen fonn very 
iiffieunt fiieil ponU Air nniill onnes not exoeeding four or fire toot. 

t The nnil«r is icfprirH fnr pnclicsl infcnniMion nn the Ribieiit of enuiai Ui IIm 
ru>binvnUrv tr.-iilii» nn tlir Arl «/ C"'"l'Tiftita Crana by J. Gljnn, F.K.S , C.E. 
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their tie-beam conetitiit«B n Biinple truss wliicli supportd so much I 

of the roof aa lies between two adjacent pairs of caftors. 

liet W = the weight uniformly distributed over cadi pur ofa 

rafters, 

/ = the Epon of the roof, 

I' — the length of «ach mfter, 

(/ = the height of the ridge above tlie lic-betuii, \.t., the | 

dcplh of the tniBs, 
A = the heiglit of the ridge above the wall -j>In tee, 
T = the t«neion in the tie-beiuu. 
Each rafter \& held iu ci)uilibriuni by the iiniformly distributed w«t^ht I 

w L 

of tlie roof (equivalent to -^ acting dowQwimls at the tniddle of 1 

the mfter), the upward reaction of the wall-plate ( = -^j, the hori- 1 

sontal thrust of the opposite rafter at the ridge and the horizoniai I 
tension of the tie-beam. Taking the momenta of these forces round I 
the ridgo wc have 



W, 






whene« 

By taking moments round the foot of the rafter it may be shown I 
that the liorizontal tlu-uat of the rafters against each other at the I 
ridge = T. This investigation of the horizontal straiuit in a simple | 
trussed girder is, it will be perceived, merely a repetition of l^t I 
given in \% (e(|. 2B). Each raAer is subject to tiunsvcrao stniiM | 
aa a girder and to longitudinal comjircasion a< a pilUr. Tbfl ttaot- I 
verse strains arc produced by the components of W and of T at I 

right angloa to the rafter. The former = -^ dJatributed onifomjj. i 



TiT = -r.^ applied at the interseclion of the rafter I 
UcDCO the transverse strength of the rafter may ba I 



The latter = 

and tie-beam. 

calculated by eqa. 83 and U8, or perhaps more conveniently I 
by oqa. 3G and 40. The longitudinal component of W com- \ 
\ the rafVcr like a pillar and aceiimiilnteii )^ni<Uinlly frt 
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Uie ridge, where It equals cipher, to the wall-plate, where it equalu 

= ^-''W. It 

compreeees that part of the rafter which lies between the riJge 
and tie-beam and ia balanced by the longitudinal component of the 
tliruet of the opposite rafter at the ridge. When the tie-beain ia 
placed higli for the Bake of room beneath, d ia shortened anil T 
increased in the same proportion. The transverse strain an<i 
deflection of tlie nifter is, however, increased in a higher ratio, 
for not only ia the component of T at right angles to the rafter 
increased, but its moment of rupture also, in consequence of it« 
acting nearer to the centre of the rafter and farther from the 
wail-plate which acts the part of an abutment. When rafters ore 
in danger of sagging from their great length, a horizontal collar- 
beam is attached midway between the ridge and the tic-beaui. 
This collar-beam resists the tendency of the rafters to approach 
each other and is subject to compression, in which ca^e each 
rafter is a continuous girder supported at both ends and at the 
collar-beam, and subject to a transverse pressure from the rooGug 

material equal to -^ distributed uniformly. If the tie-beam connect 

the feet, and the collar-beam the centres of each pair of rafters, 
Jths of this pressure is sustmned by the collar-beam, the remaining 
Iths being supported by the thrust of tlie opposite rafter and the 

reaction of the wall-plate (cq. 167). Hence ., „ is the pressure 

(measured at right angles to the rafter) against the collar-beam: 
resolving this horizontally wc have the longitudinal compression 



of the collar-beam = 



5/W 
Mil' 



A collar-beam 



the tension of 



the tic-bcaro. This tension may be found when the strain in the 
collar-beani is known by taking moments round tlie ridge. 

The foregoing investigation is only an approximation to the 
truth. The longitudinal atraina produced in the rafter hy the 
forces acting at it.s ends will modify the longitudinal strains due to 
the transveroe forces, and an accurate investigation would be very 
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coniplu*ated if not altogether impracticable, for we cannot say how 
much of these longitudinal strains pass through the tension fibres 
or lower side of the rafter, and how much pass through its compres- 
sion fibres or upper side. If there be any tendency in the rafter to 
sag, the probability is that they will pass altogether through the 
compression fibres, and therefore the topside of the raft;er should 
be strong enough to sustain the lon^tudinal strains produced by 
the end forces in addition to the longitudinal strain due to the 
transverse components of the load and tie-beam ; but in general it is 
unnecessary to take these longitudinal compression strains Into 
consideration, for when rafters fail they conmionly give way on the 
under side which is in tension. Of course, if the sag be very 
considerable so that a line joining the ridge and wall plate passes 
above the rafler, the longitudinal compression will increase the 
strain in the tension flange in proportion to the versine of the 
deflection. 



—- / . :. 



GIRDERS wrrn takallei. fi.an'ok» 



CHAPTER VI. 



OIBDEBS WITH PARALLEL FLANGES AND WEBfl FOBHBI) 
OP ISOSCELES BBACINO. 



ISA. ■■Bffcclrfl braclMB — The class of girders which I purpose 
inveeUgatiDg in this chapter ia that in which the fliinges are parnltel 
and connected by diagonals which foriu one or more sjstems of 
itoscelM triangles. This claaa of bracing includes girders whose 
web consists of a single 8yBt<;in of triangles, such as " Warren 'a'" 
girder, as well as prdera whose web consists of two or more 
ajTBtems of equal-sided triangles, such as isosceles " lattice girders." 

Definitiong. 



—The term Brace includes both struts and ties. 
—The intersection of n brace with cither flange is 



■•6. Btmc.- 

colled an Apej; 

■SN. Bay.— The portion of a 6ange between two adjacent apices 
is called a Hay. 

IS9. Coanterbraeed brac«-. — A brace is said to be eounti-rbractd 
when it is capable of iicting either as a strut or as a tie. 

140. Coanterbrac«d iflrdrr. — A girder is s^d to be eounler- 
braci-d when it ia rendered capable of supporting a moving load. 
Tlus may be efFect«d cither by countcrbracing the existing braces 
or by adding otliers. 

141. Symbol*. — 'I'he symlml + pliicdl before a number which 
represents a strain signifies that the stniin is compressive; the 
symbol — signifies that the strain ia tensile. 
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Axioms. 
1-19. The Dtrain in each brace or baif U uniform throughout its 
length and acta in the direction of the length onlif. Thia will be 
obvious if we consider a braced girder to be nn asaemblage or 
framework of straight bars connected with each other bj pins 
pns^ng through their extrcmitiee merely. 

145. A brace cannot undergo tension and compression atmul- 
inneously. 

144. If several weights, acting one at a time, produce in antf brace 
strains of t/ie same Hnd, either all teraile or all compressive, the 
strain produced hy all these weights acting together will equal in 
amount Uie swn of those produced by each weight acting separately. 

14*. If several weights, acting one at a time, produce in any brace 
strains of different kinds, some tensile, some compressive, the strain 
resulting from all these weights acting together wilt equal the algebraic 
sum of alt llie strains; in other worda, their resultant will equal the 
difference between tlte sitm of the tensile and the sum of the compressive 
strains. 

146. A uniformly distributed load may tcithout sensible error be 
assumed to be grouped into weights resting on the apices, each apex 
supporting a weight equal to the toad resting on the adjoining half 
bays. Thia view ia evidently correct if each bay be connected with 
the adjoining bays and diagonala by a single pin at their intersection, 
BB in " Warren's " girder. In thia case each loaded bay ia a short ^ 
girder covered by a uniform load, the vertical pressure of which is 
transferred to the adjoining diagonals. In addition to the transverse 
strain each bay sustains a longitudinal strain which it transmits to 
the adjacent bays, from which, however, it derives no ud to its 
tmnavcr«! strength on the principle of continuity. In practice, the 
crosa ginlcra on which the flooring rest generally occur at the 
apices, so that no bay is subject to transverse strain except from its 
own weight. 
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CASE r.— SEMI-c;lRDERH LOADED AT THE KXTIIEMITV. 

Fig. 17. 




1*1, Web. — Let W = the load at the extremity of the girder. 

S = the strain in any dingonal, 

F = tliestmin in any given bay of either flange, 

Fi = the nuinber of diagonals lietween the 

centre uf the given bay and the wi^ight, 

= the angle which the diagonals make with 

a vertical line. 

The weight W ia suiiporled by the first diagonal and the upper 

fliuige, the furmer sustiuning compression, the latter tension. At o 

three forces meet and balance, namely, the weight, the horizoDtnl 

tension of the upper flange and the oblique thrust of the diagonal; 

their relative amounts may thcrofore be represented by the eidcs of 

■the tmngle al'c (0). Hence the tension in the first bay of the 

upper flange ia to W as ac is to fO, that is, F = Y/tanQ, and the 

compression in the first diagonid is to W as al' is to t*^, that ia, 

£ = Waet!9. The tension of ad is tranainil ted throughout the upper 

flange to its connexion with the abutment, but tlie coinpression in 

diagoiml 1 is resolved at h into its components in the directions of 

Oi*gonul i and the lower fl:uige, protlucing tension in tlie former and 

compression in the latt4.T. Thus there arc three forces in equilibrium 

meeting at /', and ihcir relative iunoiinte may be represented to llic 

same scale sis before by tlte ^iilcs of the triangle ed/' ; whence the 

tjension in diagonal 2 equaU the compression in diagonal I, and 

the compression in tlie first bay of the lower fluns^e eiinaU (wic« 

the tension in the first bay of the upper flange = S Wf/mO. 
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In this way it may be iiliowa that all ihe diagonals are atr 
equally, but by forces nltcmnlely tensile and comin-essiTe { 
while the flanges receive at each apex equal increment* of ett 
each equal to 2WC(in0. The general formula for the stimia in 
diagonal ia tlietefore 



(10 



Ex. I. u » = *e°. •(«« = 1*1*. uid WB b«o a = 141* w.' 
I4§. Ftansra. — Since the llau^ea receive at each apex sue 
inci'eiiieiita of strain, each eqitul to 2Whtn0, the resultant t 
in the succesBive bays, being the sum of these successive ii 

s they approach the abutment in tm arithmetic progi 
whose difference = 2Yfl<iii0i they are therefore for any g 
proportional to the number of diagonals between it and the load. 

F = nV/tan6 (109) 

where n represents the number of diagonals between the centre of 
any given bay and the weight. 

Ex. 2. In tbe lut tmj ol tho oppar fluigc n = T, ftnd if « = IG^, Ion* — 1, Hod 
wBluiveF = 7W. 

The t«n8ion in the last diagonal may be resolved at i; into a 
vertical force pressing downwards throogh the abutment and aboi 
zontal force tending to pull the abutment towards the wi^ght. 
relative amounts of theae three forces may he represented by the eidi 
of the triangle ff/h ; whence the verUcal pressure = W nud t 
horizontal force = YftanB; the latter added to the t^insion in I 
lost bay of the upper flange gives the total horizontal force exert 
by the upper flange to pull the abutment towards W. It will I 
observed that the horizontal thrust of the lower flange against I 
abutment is equal and opposite to the pull of the upper flange, : 
that they form a couple whose tendency is to overturn the a 
mcnt on its lower edge next the weipht. 

140. StralnB In braced wthn mnj be dedacr4 fhrni «hci 
Simla. — When the flanges are parallel and the bracing conuat* c 
n siugle system of triang illation, the strain iji any brace ia equal i 

1 Vdliica of UiH longetitf an'l BMUittJ 
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the shcAnng-etrain multiplied ly ««■(/. IIciico the strains in Die 
bracing might be dedaced from the ehearing-struin in the web 
cnlculatod in the mnnncr cxplmnc<l in Chap. II. (I4i IS). The 
method of the resolution of forces just described is, however, better 
cnlculated to give a correct jicrceptiou of (he properties of diagonal 
liraoing, and it lias moreover the advnntsige of being applicable to 
lattice girders as well ns those whose bracing con.-ists of a single 
system of trionglei'. 



CASE II. — SEMI-GIdUEHH LOADED tlNIFuUMLV 




IJ\U. w*tb. — Let W=: the weight of so much of the load aa 
covers one bay, i.e., the weight realJng 
on each apex of the loaded flange 
(■«), 
R = the number of these weights between 
any given diagonal and the outer end 
of the girder, 
£ = the strain in the ^vcn diagonal, 
F = the etiaio in any bay of either flange, 
= the angle which the tiiagonals make witli 
a vertical line. 

W 

The weight on the apex farthest from the abutment equnls -^, 

Bince it is assunietl to support the load spread over the outer half 
bay, while the load spread over the half bay next the abutment is 
asaumed in rest on the ajtex in contact with it and may therefore 
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be neglected. If each weight be supposed acting alonv, it would,] 
as ia CoBC I,, produce strains of cfjual amount, iiut of 0]>{K>sitc Viiuls, I 
iu each diagonal bctwceu its point uf tipplicutJuu niid tbc ulmtment* 
without affecting that part of the girder which Ilea outside it; con-l 
scqucntly, when the whole loiid is applied, each diagoual austaiiua 
Ihc sum of the stroina pro<luccd by the aevcral welghta whJch occui 
between it and the outer eud of the girder (VS, 144) and we have 

2 = «W«cO (U0)| 

Bz. 1. Tharklaeor n lor <lI»gDiial S U a| ; it 6- 15°. tecO^ r4ll, Mulwa bav* 
a = 8-3S6W. 

■Bl. mrmlmm In Inlcntectlnir dla«onalN. — AVItcn the apex I 
any piur of diagonals supports n n-eight W the etmin in tliaH 
diagonal which is nearer the abutment exceeds that in tlic in<n 
remote by 'Wsi-rO. But when an n]>ex does not support n weight] 
(those, for instance, in the Jower flange of Fig. 48), the strains inl 
the two diagonals arc equal in amount but. of opposite kinds. 

tS9. Incrrmmti* of strain In ttang^m. — In the case of b 
girders loaded uniformly the inrrnnmls uf strain at the apid 
increase Be they approach the wall in au'iuithtnetie ratio wb« 
difference = 2WtanO, and the rcsultaiu strntna in c«ch bay egm 
qiiently increase in a much more rapid ratio, viz., as the si^uare i 
their distance from tJie outer end of the girder (eq. 11). 

IAS. HcBBltant Rtraiu« In Hjuisck. — The resultant stnuns inil 
the bays may be represented by equations if desirabli;. For tbail 
loaded flange 

F = {m(m-l) + i[W(«r,fl (111)| 

For the unloaded flange 

F = m*Wl.m& (I]2)| 

where m represents the number of the bay mcostired along its owa T 
flange from the outer end of the girder. These equations are 
obtained by summation ; their proof will afford instructive pracdco ] 
to the student. 

15-1. C<«neral law of straiiu In borlxontal Oanir^B of bracc^l 
girders. — The strains in the HftDgcs may iJso lie derived from thod 
following law which is applicable to all braced girders i 
girders with horiKoatal flanges, no matter faow loaded, or 



CHAf. VI.] AND WEBS OF 130SCELKS URACING. IKS 

the bmdng be iBOBceloa, or ihe triftngulution be single or lattice. 
The mcremenl of strain developed in thejlan^e at ani/ ape,e u equal to 
the algebraic sum (i.e., the resultant) of the horizontal components of 
the. strains in the intersecting diagonals. Keeping thia in our recol- 
lectiou we limy reiidily exliibit on b rougb diagram — first, tbo etrama 
in the diagonals; secondly, their horizontal contponenbi at Uic 
apices; and lastly, the successive sums uf these comjKtncnta, that 
is, the total strains in the several bays of eocli flange. 

Ex. 3. Let FiK- 10 repreunl such a diagniu, the lund Ixiing uti the u]>|>er flaiit,**. 
L«W = lu tuiiK, 
= SO", 




Tlie lioriifmtii! numbers attacbwl U> Ibe diaef"'^'B WB the cotfBi-ients n in eq. 110; 
iiiBMB niiiltiplied b; WneS |jiv« tbs etnmi in CRcb ilingonil (ted the numberB written 
klungidile). Tbe lioriionUJ numbers U eacli apex are niitAined by addiiig the cofffiuonta 
al thn two iiitcrsectiiig dingoDsU, and when [nii1tip1i«l by WMnf giro tba hariiontal 
contioiicntii of the atnini in the diagoniJ*, i^,, tbe inorvniimta of flaiigeHrtniia Kt cub 
apes (He tbo vertical tiuailvn ac each apex). Finally, Ibemcoeiaini widitionBof tbcao 
luvrtment* girv (be roultaDt ttnios b each bay (veu tbe vertical Dunibcn at tlie 
twnlraol eaeh boy). Thwo may be checked by o(|». Til and 112 ; tbu in tho Srd hay 
ofll.oupperflangcF = (aX2 + llX 10 X 577 = 878 tnnit which <bffer« los.ely fa 
(be JcclnmUi from the nuiiibcr obtunpd liy the diagram. 

ISA. liBltlc? web — %0 (livomle niriuttmgr over Klnife 
Njiilcw — Hractlcal adviuitaitr of latllcr « rb — Lony plllorw. — 

If two or more eystenie of triangulation be aubstituled fur the sipgle 
system just described, we have a lattice ftirder; and here I may 
remark thnt Isittico bracing has no ibcorelic advnnlage over n single 
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system of trinngulaliun ; iu advontagcB ore entirely of a [iracti 
nature, consisting in the frequent sujiport wliich the tension d 
nala give to those in compression, and which both afford the fl*ng4 
Long pillars are serious practical difficulties owing to their tcndeng 
to flexure, and lattice tension bars subdi^'ide the strubi 
which would otherwise be long unsupported [Mllars, into 
a scries of shorter pillars and hold them in tlie direclioi 
oftheiineofthrutit. That tliis does not injuriously a 
tlie tension diagonals will be evident, when we reflect tfaj 
the longitudinal stmn produced in a tendon diagonal byj 
the deflection of u strut crossing it at right angles t 
the plane of the girder bears the same ratio to the wdght 
on the strut, as twice the versine of the deflection ctirro] 
bears to the length of the half strut — an amount quila 
iniippreciable tn practice. If, for instance, a strut adeM 
Fig. 50, be ten feet long, and if its central deflection underl 
stnun, hd, equal half-on-inch (an amount much greatc 
than ever occurs in practice), the transverse force in tl 



direction of b<!, which will su£tiun the thrust due to deflection, is tofl 

ihd \ 

the longitudinal pressure ae -,- , that u, it is only ,;^^ of thm 

weight pas^ng through the pillar; so tliat in most cases a stout) 
wire iu tension would be sufficiently Btrong to keep the pillar from ' 
deflecting in the phme of the girder. Again, if the force requisite 
to resist the tendency of a stmt to deflect at riifkt angUs to theplamA 
of the girder were supplied altogether by a tcnuon bmce the longiJ 
tudinal strain in that brace would e()uid the weight on the Dtrutif 
but it does not follow that this strain b developed in the tcnuoq 
brace. In fact, the force witli which the ends of ihe tension b 
arc pulled asunder is practicully indc[iendi'nt of the strut, for t 
increase in the slrain on the tension limcc is only due to iho i! 
ence between the lengths be and dc. These considerations sboif 
that a moderate force will keep a pillar from liendirig, andtbl 
apprehension of long compression bars yielding by flexure in llM 
phine of Ihe girder, or producing undue strains in tlic tension I 
need not deter us from applying hitlicc bracing to girders exec 
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in lengtli any girder bridge hitlierto constructed. Tbey oUo 
explain tbe otherwise anomalous strength aud rigidity or iplate 
girders and lattice girders whose webs are formed merely of thin 
pktea or thin bora. Such modes of construction are, however, 
more or less defective. The struts should be forme<l of angle, X, 
or channel iron, or the matcriiJ slioidd be thrown into some cither 
form titan that of a thin bar, which is quite unsuitable for rceiating 
flexure ut right angles to tlic [ilane of the web. A very effective 
method of stiffening thin conipres^on bars has been applied to 
tubular lattice girders. It consists of a epecjes of light internal 
cross-bradng between the opposite compression bars of the double 
web ; this stiffens them at right angles to the plane of the web, 
while the tension braces keep them from deflecting in the phinc of 
the web (881). 

lAO. nnhiplf nod nlnitle tiians«lallon compared — Lattice 
vemi-glrdera loaded anUbntUy. — The effect of latticing com- 
pared with a single system of trinngulation L^, as far as theory is 
concerned, merely to distribute the load over a greater number of 
apices and consequently to reduce the strrun in each of the original 
diagonals in proportion to the increased number of systems ; for, 
since the several systems are, as we have just seen, practically inde- 
[wndent of each other, each diagonal sustains the strain due to those 
weights alone which are supported on the ajiices of the system to 
which it belongs. Eq. 110 will therefore give the strain in any 
brace of a lattice Hcmi-girder loaded uniformly, observing that the 
Coefficient n will now cxpresa the number of those weights alone 
which are supported by that syatem to which the brace in queatiou 
belongs, and which occur between it and the outer end of the eemi- 
The stnuns in the flanges of a lattice semi-girder increase 

■libruptly than when one system of triangulation is adopted, and 
Bost conveniently obtained by a diagram similar to Fig. 49. 

r Iwljuiecd on a pier. — The case of a girder balanced 
i obviously included in the preocdbg caaca, since 
I is a fcmi-girder. 
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tiUfUERS Siri'lV)RTED At BOTU ESIW A.Sl> 
iVT AS INTEIIMRIHATK POINT. 




1. — LctW= tlio wfifilil (liviiUug ihe girder into seg- 
ments conttuuiag reepccttvety m ami n 
bays, 
/ = m + » = Uie Dumlicr of baya in the span, 
£ = the strain id any diagonal, 
F = the strain in any fmy of cither flnoge, 
= the Tingle which tlie diagonals make with j 

a vertical line, 
r = the number of diagonala between any 
bay and either abutment, measured from 
the centre of the bay, I 

On the principle of the lever (lO), the reaction of the right | 

abutments J W; that of the left abutment = J* W. Since the | 

flanges are capable of transmitting strains In the direction of | 
iheir Icngtli only (l-l«), they cannot transfer vertical preesures 

to the abutments; yW mwet therefore be transmitted liirough the 

diagonals on the right side of W to the right abutment, whila 

J W paaa through the diagonals on the left side of W to the left 

abutment. These quantities are in fact the shearing-slnins 
described in 84, that is, they ore the vertical componenu of tJie 
strains in the diagonalm of eucli se^ginent. The actual strain in any 
diagonal is In its vertical component as the length of the diagonal 
is in tho depth nf the girder, m, calling the angle of inclination of 
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n diagonal to a vcrlieiil line 0, wc have the slr4un in each disgotutl 
in the right Ecgmenl 

X='^Vf^^c9 (113) 



in the left segment 



2=^Wi 



(114) 



The diagonals which intersect at the weight ore both subject to the 
same kind of stnun, while the strains in the diagonala of each segment 
are alternately tensile and comprcBsive. If the weight be at the 
CJintre of the girder all the diagonals will be equally Btrained. 

lAB. riaitKCfi. — The tensile strain in the eecontt diagonal cd 
is resolved at c into its components in the directions of the top 

flange and the firet diagonal. The former r= .- WtonO and ia 

tnuismitlcd throughout the ilangc aa far as W, receiving at the 

inter\'cning apices successive increments of strain each equal to 

2n 

V YflanH. At W these horizontal atruins are met and balanced 

by a similar series of horizontal increments developed at each apex to 

the right of W and acting in the op])oeitc direction to the first series. 

The strains in the lower flange may be found in a similar manner, 

for the tbnist of the firet diagonal ac is resolved at a into a vertical 

pressure on Uie abutment I = ^W| and a horizontal tensile strain 

in the lower flange which acts as a tie. Aa thc.se three forces which 

meet at a balance, their relative amounts may be represented by the 

sides of the dotted triangle ahc; hence the horizontal strain in 

the first bay of the lower flange = j V/lauQ which ia transmitted 

Uiroiighout the flange as far as the bay underneath W, rec^ving 
at each intervening apex successive increments each equal to 

- .- Wtonfl. Beneath W these strains are met and balanced by the 
reverse series generated at the several apices in the right eegmeot. 

The resultant Mtruin in anv Imv of either flange equals tlic sum 
of the inereniente genemted at the several npice* between it 
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nnd the nhutmciit of the eegmcnt in which it occurs. If the bay 
be in the right segment cuid x be measured from the right, abut- 
meat, 

F = ?^^Wft.r,fl (115) 

If the bay be in the lefl segment and j: be measured from the 
Icfi abu talent. 



The niftximuni etrains i 
by the equation 



I60. Ex.-In Fig. fil, 



:'^lan9 



(116) 



the Banges occur ut W imd ure reiir«»ent«d 
F = ?^^(,mfl (117) 



Ta«9 = 0-S77. 
Fivm etfi. 113 and 111 the slnUDl ia ewh diigoiiKl of the rJgUt Bc^iiictit = D'i'VSt W, 
knd thoiw in eBiAdiagoiu) or the left >e8rorDt = 0*3004 W. From rq. Ilfl Uie Mm- 
pnaan stnin in bay A = 1-I42S W, And Uu tennle itnin in Uy S = l-9gS< W. 

161. SUiBle oiOTtaK load. — If tlic load move, the strains in the 
cltagonals will vary acconling to its position, changiog from tension 
to eompression and vice versd, as it passes each apex (SA). If the 
upper flange supports the load the maximum comproa«on in any 
diugonal occurs when the weight is passing its upper extremity, and 
the maximum tension when parsing the adjoining ajtcx at that side 
to which the diagonal slopes downwards. If llic lower flange 
supiKirta the load, the maximum tensile strain in any diagonal occurs 
when the weight is passing its lower end, and the maximum com- 
preaave etnun when passing the adjoining apes on that side to 
which tlie diagonal slopes upwards. The maximum strain in any 
bay of the unloaded flange occurs when the moving loud \» in ihe 
vertical line paging through that bay, as may be seen from eq. 115 
or 116, for vuc and tut; are at their maximum when they become 
mn (St). The maximum stniin in any bay of the loaded Hangc 
occurs when the passing load rests on the adjoining apex on* the 
ride next the centre, for the product mn in eq. 117 is groatcr 
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for this a[wx tlian for the adjoining apex on the aide remote from 
tlie centi-e. 

I6». liatUe« Klrder traversed by a siDfcle load. — la this 
<:ase the i^tnuns iu the ijiagon^ila xatiy be citlculat«d by eqs. 113 
tind 114, for ibe reasoning by which these cqiiationa were deduced 
10 e*iiiiillj applicable to lutUce girdere. It will also be observed 
tliat only one system of triongulation is strained at a time, i.e., 
supposing the load to rest on a single apex, which however is seldom 
the case, as generally two or more adjacent apices arc loaded 
together. 



CASE IV.~QIRDERS SUPl'ORTEU AT BOTH EKD8 AND LOADED 
IIMFORMLY. 



'A/VAAAA , 



I6S. Wrb.— Let W = the woij^'ht nl' so much of the toad as 
covers one bay, Le., the weight resting 
on each apex of the loaded flimgc, 
/ = the number of bays in the span, 
n = the number of weights between any given 
diagonal iui<l the centre of the girder, 
£ =: the strain in the given diagonal, 
F = the strain in any bay of cither flange, 
= the angle which the diagonals make with 
a vertical line. 
If the load l>c uniformly distnbutcd so that an equal weight reBl« 
upon each itpex, the strains in the diagonals gradually increase front 
the centre toward the ends. Any two diagonals equally distant 
from the centre sustain all the intermediate loml. If ihcyarc tension 
diagonals the weight is suspended as it wer<^ between them; if 
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they are oom|irc«uoi) tlmgoniilt! it is supported by llicm as obliquo 
propB. Each dingonal conveys tlierefure to llie abutment the pres- 
sure of the weights between it and tlie centre, and the sum of these 
weights constitutes its vertical component or shGnniig-atniin (46). 
Hence we have for a uniform load 

S = uWfl^c0 (118) 

lU. rianses. — The struns in the flanges ntay be derived froia 
the law stated in IS4 by the aid of u rough lUngmm. as explained 
in the following example : — 

Kt. 1. l^et Fig. G3 rapraMnt »ne-hiUf of a ginter 60 fuet 1<id|[. witli the bmang 
lonnol of 8 aqnilnlanl trinngloa uid suiiportiiig ■ nnifonu lokd of half ■ ton p« 



( = 8, 

run* = 0677 

Scrt^ 1-154. 

W ta^e = 3-B85 Uuu. 

W»rc»= 6-7T0"ton8. 




TliB lioritontAl Dambcra altacli'd to Ihe diagnnnJfi we the cueffidcnt.-- n lii i-<i. 118 ^ 
lline tiiul(i[illeJ Ij VJitce giva tie Htniim in tlio HBveriil ilin^nalii |b(« tliu iiuu>l>cn 
writtoii MciTigMile them). The hurixuntal nnmtiBn xl ench njiox «n) th* vunia of the 
ooofloicDt« altocbed to tbe intoncetini; ilia^nala ; those tnnltiplieil hj Wtonf give tha 
bnriaonlU componoDta of tlie itnuna in th« diagoaali. that is, the inerantenla of Daoge' 
■Uain at eaeti apoi (nee tho nutntura writton in • vortli^l ilirMli'li at «aeli apax). 
Finally, the raooentre a^ltiani nf IboK inereromla ({ive tliig vaultaiil ntrallM in ihn 
RaugfB (loe tha nambvr* •niUen ia a vaitieal iliiactiitn at Uia wntre dEmcIi bajrt. 
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l6Jlp Bi 3 Lrt Fig. S2 npruHnl n ginlcr 80 feel long, oith tbe lirsciDg fonned ol 
8 right-uiglnl triuiglcs, Mi<] aoppotting > unifonn loail ut IiaJF a ton per runiuiig fi>ot. 
Here, W = C torn, 



r«»(i = 1. 

5k0 = 1-114. 
WfunS = fi to^^ 
W»w8 = T-O? ton*. 
i« in tana will bo m followi : — 





1 


2 


3 


i 


S 





7 B 


StHtD>ujtona{eq. US). 


-84-7 


+2*7 


-17-7 


+17-7 


-10-fl 


+ 1M 


-3-fl 


+ 3-6 


Fl«p^ .V . 


A 


B 


C 


D 


E 


F 


a 


H 


Sbuni in tana, . 


+17-5 


+ 17B 


+67-6 


+77-6 


-. 


-60 


- 75 - 80 



** 166. Webt MTcoDd method. — The strauiB in the diagODols may 
nlso be obtained by ToroiHg a table of the etrains which cnch weight 
would produce if acting septinitcly, and tlicn taking as the rceiiU- 
nnt etmn troin all acting together the eum or difference of the 
tabulated strains according aa they arc of the same or opposite kindu. 
Thus, diagonal 4, Fig. b2, ta subject to corapreseivo stmns from oil 
the weights except the first; the resultant strtun ia therefore found 
by subtracting the tensile stnun produced by the first weight from 
the sum of the compressive strains protluccd by the remaining six 
weights (145). This method, as applied to the example in 164, 
16 exhibited in the annexed table, the numerala in the first column 
of which represents the diagonals, and the letters in the upper row 
the weights, in order of ]>OBition. The numbers found at the inter- 
action of a diagonal with a weight represent in tons the titrain 
produced in that diagonal by the weight in question (see eq. 113), 
The last column contains the strains which the load produces when 
distributed uniformly all over. These are obtained by adding 
Algebraically the several horizontal rows, and the strains tliua 
obtained should agree with those derived from eq. 118. 
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i 


Wi 


Wt 


Wi 


w. 


Wt 


Wi 


Wt 


Qn>/'"'l«J 




To«. 




TWu. 


Tom, 


t™. 


fDOl. 


■n™>. 




1 


-6-] 


-iS 


-s-e 


-2-8 


-8-8 


- 14 


-■-2 


-2(fa 




+ B'l 


+ <s 


+ S-8 


+ 2-9 


+ 2 3 


+ 1-4 


+ ■73 


+ ■20-3 


3 


+ 07 


- 4-3 


-8-a 


-2'9 


-2-3 




-72 


-in 




-0-7 


+ 43 


+ 8'a 


+ B'a 


+ 3-3 


+ !■* 


+ 73 


+ 14-4 


fi 


1 +0-7 


+ 1« 


-8-8 


_B-» 


-3^ 




-73 


- 87 




-07 


-H 


+ 88 


+ 2-9 


+ 33 


+ 1-* 


+ 72 


+ 87 




1 +07 


+ w 


+ 3-2 


-20 


-3-3 


-1-4 


-7! 


- 89 




-07 


- r* 


-sa 


+ 29 


+ 8-2 


+ 1-4 


+ 72 


+ 3-B 



It will be observed that when once the etnun produced by W^ 
in dingonal 1 is obtained, nil the other stnuna may be dcriTed 
from it by addition. 

167. Incmnrntii of slraln In ll«aire«i. — The flacgea receive 
successive increments of strain at each apex as they approach the 
centre where the maximum strains occur. These incrciiienta 
fiiminuh aa they approach tlie centre in an arithmetic progression 
whose difference = 2W/«(ifl. Hence the sti-ain in the bay* might 
bo oxpresfled by on equation; they may, however, he more conve- 
tiicDtly found by the aid of a rough diagram a^ already dcscribcil 
in ie«. 

I6§. Stralnw In Bwiscit calcnlatrd by moairatf). — The alntins 
in any given bay may also be obliuned by Ijiking moments round 
tlie ajiex inimcdiately above or below it. To obtain tlie strain in 
bay C, Fig 52, for example, take momenta round the apex a. The 
left segment of the girder is held in etiuilibrium by the reaction of 
the left abutment ( = 1 7*5 tons), the two first weights, W, and Wj 
the horizontal tension in C and the struna at a. Taking nwinents 
round the latter jwlnt wo have 

F</= 17-5)e2-5i — 5(l-5 + 5)i 

where F = the strain in the flange at C, 

/' = the length of one bay, 

'/ = the depth of the prder. 

If fl = 45^A = 2rf, and we have F = 675 tons as m ex. 2 (IBS). 

This method is, it will be perceived, merely a modification of 
that described in Chap. II. (48). It is sometimes convenient for 
checking rotulli* obtained by the rcsohitioii I'f forces 
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■Off. Ulrdrr londed unHymmetrlrally. — If the load be distri- 
buted io an iinsyiiuiictrical nmnuer, the stnuns produced by each 
wci;r1)t acting ecpanttely sitould first be tabulated, and then the 
resultant strains may be obtiiincd us indioiitcd in 166 (85). 

170. ttlrdrr loaded sj-mmr(ricallj'.^If the central [xirt of n 
eymnietricfUIy luiided girder be fi-ee from load, the central braces 
may be removed without affecting the strength of the Htnicture. 
If, for example, the girder represented in Fig. 52 eupjwrt only 
W„ W„ Wg. Wp the braces in the interval, 5, 6» T^«»8', V, 6', 
5', may be removed. If the central weight alone ba WKntingi then 
braces 7, 8, 8', 7', may be removed. 

■II. mratuH In md dlaneaals «M« bttfB.— When the toad is 
symmetrical, each of the end diagonals sustains a str^n equal t^i 
one-hnlf the load multiplied by kitO, and the extreme bays of the 
longer flange sustain a strain equal to one-half the load multiplied 
by tan9. Consequently, when = 45°, the strain in each of these 
extreme bays equals half Iho load. 

m. tiitraliMi In Inleroecllnc dlsKonnlft — Krneral law of 
*lraln« In in(r-rHvrlln|r illairaaalii of lBO»c^lr« brartnir with 
tmrmOel Uttngim. — ^When two diagonals intersect at a loniied apex 
of a girder loaded unifonnly, the etnun in that diagonal which b 
more remote from the centre exceeds that from the otiier by 
WffcO. The following kw is applicable to all gii-ders with 
parallel flanges and isosceles bracing whether single or lattice; 
trA^H ttco diuffonaU intersect at an unloaded npex, rto matter how the 
load mat/ he dittributtd, the Hrainf in the two dia^onaU are eq'ut! in 
amount, hut of opponte Invdf. 
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CASK V, — GIRDERS 8UPPOBTED AT BOTU ENDS ANTl TRATEW 
BY A TRAIN OP UNIFORM DEK8ITY. 




193. Wch. — Let W = the weight of so much of the unirormly 

distributed load ns covers one hay, 

i.e., the pormnnent load reeting on 

each apex, 

W = ihe weight of so much of the passing 

load as covers one bay, t.^., the passing 

weight OD each apex, 

t = the number of bays in the 9pan, 

n = the nujnber of apices loaded by i 

passing load Iwtween any giTCn t 

gonal and either abutment, 

!£ = the strain in the given dia^iml due A 

the pernio netit load, 
2' = the maximuui Btniin in the given dia 

due to the passing load, 
= the angle the diagonals make with J 
vortical lino. 

The strains iu (he diagonals vary according to the pooitinn 1 
the (lossing train not only in amount, hut aUo in kind. If, ( 
invtimcp., W, alone resl« ujwn the girder, diagonal 4 is aubje 
to tension. If now W, be a<1dcd, its tendency will be to produ 
compression in diagonal 4, that is, a strain of an opjiosiie li 
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to tluit [>rixluoed \>y W,, und the true stmiii wldch tliia diagonal 
Hu^ttaiiis, tvhoii butti weiglits riMt upon tlie frirdcr is equal to the 
difference of the strains produced hy each weight acting separately 
{im) The third, fonrlii, fifth, eixth, and Bcvenih weights tend to 
increase the compression in diagonal 4, while the first weight alone 
tends to produce tcnsino. Consequently the inaximuni compression 
in thid diagonal takett pince when all the weights except the first 
rest upon the girder, and the maximum teniuon occurs when all the 
wetghte are removed except the first. 

The eamc result may be arrivtd ut in any particular case by 
means of a table of strains such as that in (106), where we find at 
the intersection of diagonal 4 and W,, that this weight produces u 
tension of 7 tons in the diagonal, while each of the remaining 
weights produces conipreesion. When all the weights rest upon 
the girder the first and lost produce no effect on diagonal 4, sinoe 
tiie strains due to these weights are equal and have opposite signs. 
In fact, these weights are supported exclusively by the flanges and 
the last pair of diagonals at each end, and us far as they alono are 
concerned all the intermediate dit^onols might be omitted. If, 
however, W, be removed, the eighth part of W^ is trauamitted to 
the left abutment, and consequently increases the compreeaiou in 
diagonal 4 by the strain found in the table at the intersection of 
W, and 4. If on the other hand W, be removed, the eighth [mrt 
of W, is transmitted lo the right abutment, diminishing the com- 
pression in diagonal 4 by the strain found at the intersection of W, 
and 4. In a similar manner we find from the table that any other 
diagonal, 7 for instance, sustains the greatest amount of compression 
when the first, second, and third weights alone rest upon the girder, 
and the greatest lemiion when these are removed and the other 
Weights remain, 

17-1. naKlmam RtroliM In neb — Strains In lal«r««cUnf 
tfiaKflaaU. — Tfie jtuurimum iilrain in any diagonal ocatrg tcHen (A<f 
patting train coivr* only one xegmtnt (51) ; and in general terms, tht 
tnuximum temiU strain in any diagonal ueeurs tchfn the paesing Iruin 
envfrt tAe itymgnt from which the diagonal thpfn upicardt, and lite 
nU'Jrimuiii mmprtwvr rtinin ifhfi' it rnm-n thf tfjintnt totrard* wAjVA 
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Iht diuifoiml dupt» upwariU. When ft pair t>f diitgouala meet «t the I 
unloaded flange, the strains in the two Jiiigonals ure equal in unouni I 
but of opposite kinds, and the nmximum tensile etnun in one U 
equal to the maximum compressive strain in tlie other, und vieti 

Its. PcnnRticnf load— AlMolule mit«i««M slnUa*. — In all 

the foregoing investigations the weight of the girder and roadway 
has beenlcftout of consideration, but in practice the permanent load 
materially modifies the stniins, especially in bridges of large spaa 
ivhere the ratio of tlie permanent to the passing load b considerable. I 
If the supported load be uniformly distributed, its weight may be I 
added to that of the structure, provided the latter be also uniform, ' 
and the oalculaljons made for their combined weights as already 1 
explained for uniform loads. But when the load moves, the etraina | 
in the bracing produced by the weight of the permanent structure | 
will be increased or diminished, or even a atmin of an opposite kind I 
produced, according to the position of the passing load. In order | 
to obtain the absolute maximum strains to which the braung t 
liable under these circumBtauces, we must calculate — first, the etraina I 
produced by the pennanent structure alone, and afterwards tho I 
maximum strains, both tensile nud compressive, due to the passing I 
load alone. These latter, when added to, or sulitractcd fi-om, ttie I 
stnuns produced by the permanent load, according as they are of ■ 
the same or opposite kinds, will give the absolute maximum etraJiu I 
to which each brace is liable in any position of the passing load. 

170. Wfb, flral iBptbod. — 1'erhaps the simjilost method ofl 
obtaining tiic strains in the diagonals from a [MiBsiiig train is by I 
fonning a table of stniina produced by each weight separately aa ■ 
in 169- Then adding, firet the tensile, and afterwards tlie com- 
pre^sive, struina in each horizontal row, we obtmn the required 
maximum Htrains of eacli kind. 



Ex 1. ThefnlJowmgeiitiniJfloraKirdaraf eij(bt b»f««U] illmtnU tlib lD«lhod «f ■ 
CBlcalMiog the kbfwlute mBximuin Mninf when Uk briilKS ii tr »*Bfwi by s load a 
uBitonn duuit; whcac length ia not l«n tbui ths «p>ri. Let Fig. H rej 
girdar 80 feet long and fi l*a% deap. tba braoing of whicb ii fanned of E rijcfat-aagM ■ 
luacoln thuiKlai^ with tbti r(Mdway Mlaehail V> tba oppar Rang*. LelUiop 
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brldgo-IoMd oqniJ Iwtf > ton par raBoiag toot, utd the jreotosl pauing tntii 
dcaiistf sqiul ona tan iw to»t ; wt Una h>vs 

W = j Umn from Ui« pennuimt [atii, 
W' = 10 tun) from Uie pining tnio. 



W 



(OHfl = 1, 

W^» = 7 07 ton., 
'77 tons, 



I 


I 




(W+W) (««•=. 


18toiu. 
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w. 


W* 


W. 


w, w. 


Wi 
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T 




Tmu 


j^- 


Tool. 


Ton, 


Torn Itdu 


tMlH 


TOU. 
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Tonk 


I«* 


Torn 




_m 


-10-8 


-8-S 


-71 


-ft-a 


-B-e 




... 


~*s-t 


-84-7 




-7*-3 




+lii 


+ 10-6 


+8-9 


+71 


+S-8 


+JI'6 


+1'8 


+i9-C 




+M-T 


+7*-9 






+ l-S 


-10-8 


-8-9 


-TI 


-b-a 


-8'6 


-1-8 


+ 1-8 




-17-7 




-«•» 




_ !■» +10-fi 


+8-0 


+7-1 


+6-8 


+3'6 


+ 1-8 


+37J 




+I7T 


+U'9 






+ IB + 8-5 


-88 


-7-1 


-6-3 


-8-6 


-1-8 


+ 5-8 


-S8^ 


-10-ft 




-87-i 




- 1-8 - 8-8 


+8'B 


+7-1 


+88 


+8-5 


+!■« 


+a60 




+ IO'S 


+87-1 






+ 18 + 8-6 


+8-8 


-7-1 


-SR 


-8ft 




+10-6 


-17-; 


_ B'6 


+ M 


-i'l! 




-■'-" 


-6-8 


+7-1 


+S'3 


+8'5 


+ !« 


+ 17-7 


-10-6 


+ 8-6 


+aii 





Tha DDinbeta in tba Brst eulamii rcproent the diagonalB, uid tha KTan Snt 
lett«n in tba opper row the piMJng weiglita, io order of poaition. Tba numban 
found lit tba intervBOtioD or ft dJAgooftl irith a weigbt repreacnt in Ions tLa atntlnii 
prodnoed in tha diagonala bj tbe pauing load reeting on each apex aepantelj ; tbeaa 
■re derived froin aqt. 113 and 111. Tba cotttmai marked C and T' contjun the 
maxiiiiiim itruoa of compreuion and teu«an wbiob the pauing load can produce ; 
ihejr are obtained bj adding, tnl tbe compretsive, and a(t«rwiuda tbe tanaile, atralna 
in each row in the fint part of tbe Ubie. The Bolnmn marked 2 contwni the ttraina 
diw to tbe anifurm permanent load. Tlieee are derired from eq. 118. Final);, the 
two last oolmnna (marked C and T| contain tbe abaolnta maximnni almjoa wbioh tba 
combination of penmuient and pkHingloadi can produce ; theea are obtained by adding 
algebraically column 3 to colamn C and T'. If one ton per fuiit be the grfateit 
paaaing load to wbioh tbe girder ia liable, tbe atraini in the bracing can never ucccd 
Iba* i^Mohita maximum itnuna. 



I tic 



m. FlAnyeN. — The itiaxitnuiit strolofl id the Hanged occur whcii 
pasaing load covers the whole girder (fiS). 

Iniiui' (uaniple Ihiii occur* when the ginler 'Upporti a oniformlf diiitributad load of 
I & tana per running foot, eqniralsnt Io IS tnn> at each apai. The itraina in Ibu 
aararal baya are glion ia the (i>IInwing lahie ; they are obtaine-t by tbe aid of a diagram 

M dwcribad in IM. 
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'toiflturi' + ^^^ I + "^'^ ■ + '"'^■'' + ^^^'^ 



1»8. Ceonirrbnutav. — Ou examining the table in 1»6 it will 
be Been that diagonal 7 and 8 are the only bracea which are liable 
to both tensile and cumprcssive etrains. Conetequently tho four 
ceDtral diagiinids iilune nsquire to be counterbraced (189) ; whcrcna, 
if ihe peruuuienL load luul been left out of coniiidt! ration, all the- 
diagooala except tlie extreme ^lair at each end would require 
oounterbmcing ; and if, on the other band, the slmins from the 
pufising load had been calculated on ihe suppoailiop of its being 
a uuifonnly distributed in [ilace of a passing load, oono of the 
diagonals would reijiiire coi in ttrb racing. 

179. Prmutntrnt load dlnUiilfihtMt connlerbravlnr* — In bridges 
of large sjiau the permanent load will mAlerially diminish the 
amount of countcrbmcing thnt would be re(|iiired if Uie pasnng 
loiid alone bad to be provided tor; and when the epan ia very 
large it will be more nccni-ate to ooniiider the permanent load aa 
resting part on the upper, and part on the lower flange. In small 
epana tliis nicety of calculation may be neglected, sinCe the crosa 
road-girders and roadway with the fliuige to which they ore attached 
form the greater puriion of the permanent load. 

ISO. Wrb, Necond niKtltod.^Tbe niaxiomm etrains in the 
diagonals due to a passing train of uniform dcntdty may be expressed 
by equations similar to tlioso given in the preceding coscfl, for which 
purpose it IB nccesairy to divide girdeiw into two cloeeee. 
CloM A. 

Girdcrg in which the extreme ajiiecs of the loaded Hanged are 
each distnnl one trhvl" l'<i;i from the abutment-', ;di in Fiir. hb 
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Pram eq. 113 the straia in any diagonal from the passing 
weight at^- 

The iBt apex = ~ «w9, 

2nd apex = 2 ^ smQ. 



;ird apex = 3 



W 



( 

wliere n, tm before, represents Uie number of loaded apices 
between the diagonal and one abutment- The maximum strain is 
equal to the sum of these separate struns ; hence 



E' = (l +2 + 3+...n)^'j«0. 



or bv Bummalion, 



"i^+i) W'^cfl, 



(119) 



tm. Girders in which the extreme apices uf t)ie loaded flange 
are each dlijt.-int one half-haij from the abutment, aa in Fig. 56. 




The strain in any diagonal from the passing wtigiit nt— 



The l8t apex = -^ if 



2nd apex = S^^^rS, 
3rd apex = 5 —j- necO. 



ftapex = (2«- I)^'»«tf 
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Adding these together we have the stnun due to the passing load, 
1' = (1 + 3 + 5 + ... 2n— 1) -or«<?^9, 



21 



or by summation, 



r = % 



w 



2 / 



secO. 



(120) 



£q. 120 proves that the strains in the diagonals produced by a 
passing load are proportional to the square of the loaded segment 
(«0). 

Ex. 2. The following ezAmple of a girder of 8 bays with eqnilMenl irianglee, belong- 
ing to CUui A, will illnntrate this method of calcolatiDg the maximnm stninB prodnoed 
bj a paMing train of uniform denntj anfficienUy long to extend OTer the whole bridge. 
Let the girder be 80 feet long, the permanent load 0*5 ton per nmning foot, and the 
pairing load of greatett dena^ (laj enginee) one ton per foot ; we then hare, nring the 
■ame notation as before, 

W = 5 tons from the permanent load, 

W =: 10 tons firom the paaeing train, 

/= 8, 

• = 80®, 

tan$ a 0*5773, 

Mcas 1-154, 

Wmc0 » 5*77 tons, 

^-see$ = 1-442 toni, 

(W + W) tone = 8-66 tone. 



MagoiMli 


• (• + 1) 
2 


2 


a 




C 


T 






Tonii. 


Tons. 


Tons. 


Tons. 


Tons. 


1 


-28 


-20-2 


••• 


-40-4 


... 


-60-6 


2 


- 


+ 20-2 


+ 40-4 


••• 


+ 60 6 


• •• 


8 


-21 


-14-4 


+ 1-4 


-80-8 


••• 


-44-7 


4 


- 1 


+ 14-4 


+ 80-3 


+ 1-4 


+ 44-7 


• • • 


5 


-15 


- 8-7 


+ 4-8 


-21-6 


... 


-80-8 


6 


- 8 


+ 8-7 


+ 21-6 


- 4-8 


+ 80-8 


••• 


7 


-10 


- 2-9 


+ 8-7 


-14-4 


+ 5-8 


-17-8 


8 


- 6 


+ 2-9 


+ 14-4 


- 8-7 


+ 17-8 


- 5-8 



The numerals in the first column represent the diagonals (see Fig. 54). ^le second 
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oolomn cuntuDB the CMfflcients for etch diagonal, 



'2 



In cq, lis, n btiag a 
amn 1 t-ontikLiu Uia stn 



■ared »It«niktf ty from tin liglit and ths left kbntment- Colnm 
in ton* producsd by tbs penuanent bridgelukd ) tliisae ■» (MktcaU(«d by eq, IIS, 
Colunuui C and T' oonUin tbc maiimiim >tr^Tii in tong pindiiced by the ptnlng lo*<j; 
tbsw are calculated by the aid of the Bpcond column and ai- IIB (mo «■*) 
Finally, the two U>t cotumne conbUD the aheolote niaiimum rtraine of either kind in 
tbe bnmiiig, lAklng botb penaaaent and pucing loada into consideration ; tbeae arc 
obtained by addins colnmii* C and T' algebraically to column 2. The ttraina in tb« 
flaagQi uv ki fallDwa (ISlt : — 



Bay.. 


A 1 B j C 


D 


^ 


. 1 G 


H 


StraiDi in tona 


+30-3 +82-3^ +117-0 


+134-2 


-60'8 


-108'9 Uta8'9 


-ISS'O 



CASK VI. — LATTICE GIBDECB SCrPORTED AT BOTH ENDS AND 
LOADED UNIFORMLY. 

ISB. ApproxImAtr rule Iter slralas la lattice web. — It has 

been alrcatly shown (156) that the effect of increasing the number of 
diagonals, so a« to form a lattice girder, is merely to distribute the 
load over a greater number of apiceit and thus diminish the strain 
in each diagonal in proportion to the increased number of eystema. 
This suggests the following approximate rule for finding tbestruna 
in the bracing of lattice girderu. Calculate the strains on the sup- 
position that there w only one si/stem of triangUt. These divided by 
the number of systems irill give the strains in the corresponding httiee 
diagonals. As, however, more exact methods of calculation are of 
easy application, they are preferable to a nito wliich is merely 
apjtrosimato. 

IM. Web — PlanBefl. — In the case of a uniform load the strains 
ii) the brji ping nmy be calculated by c<i 118, observing that tbt' 
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coefficient n will represent in a lattice ginler the number of those 
weiglits wliicli occur between any given disgotml and the centre 
of the ^rder, and which rest only on the apices belonging to 
ita own f^etein of triangiilntion. Thia ssanmea that the Btrauta 
from weights belonging to different B)-stems but at e^nal diaUnces 
on opposite aides of the centre, such aa W^ aud W,, in Fig. 57, 
do not pass through the interucdklo diagonals, but merely through 
the flanges and those diagonals of their respective systems which 
occur between them and the abutments. This ia the simplest way 
of calculating the stnuna due to a uniform load, but they may also 
be calculated for each system separately (166), in which cose the 
strains in the diagonals will differ somewhat from those obUined by 
the first method (l§Q). Tlie atraiua in the flanges are most con- 
veniently obt^ned by the aid of a diagram of strains (164). 

Bi. The falloiFing exrunple of > Uttie« girdor. 80 fset long Kud \f^ feet dHp, with 
(bur nyutomi of rigbtungloj trijonfle*. *.'■ 1" bay. "iU Ulortrnte the moJe of o*l«ul«* 
tlon {tee Fl|[. fiT). II tho uniform Wii «]ual hoJf it ton par mnniBg toot wa bira 
W = 2-E ton* = lbs wdgbt en omJi apiui, 
« = ti", 
Wntft = 3-636 toiw. 
Whnl = S-6 loim 

n = the number of wei{;hta belan|;ing to itt own tjtHma 
bitwcva an; given di^oui) uid thi mntie of Ihs (trdar. 




Tba nuDiben Mtiehed to tba disgoDsU in the above diagram uf itrain* %n 
ownoiMtin, ia«^. 118; lb«** maltiplied bj VVvrd Him the itnuna in lb* dii^onab I 
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u ill ttie f ollnwin; tebto, the upper row of wbioli repreaenta Ihs diagoDala ii 

position (MB Fig. G7), uid th« lawer row ths CDrreipoDiiiag itnuns in toai :— 



iH*™u .| »| , 4| . .| r . 


* 10 11 


,. ,.;,.i,. 


l« IT 


ufSiST +Tli+?'l'+M +m|+W +fl-ll+»-ll+l-S 




-1 1 -*-sL»-(iUg-a 


.,,-„, 



Tim horiiontal nnnilNira at the apices ars obtained bf addlDg tlw 

ialerwetiDg diagoaali. These namben multliilled by WlonS ar« tb 

ttnuQ in the flangea (I'M) <*ee the rertioal figures at eicli apex). 

' ■o«oeailTe aiiditiona of theae iai?nanen(« give ttie retnllant itraiiu io 

lona (MS the vertical Rgure at llie cenlre of each bay). 



CASK VII.— LATTICE OIKDEES 8DPP0RTKD AT BOTH ENDS AHD 
TRAVERSED BT A TRAIN OF CNIFORH DENSITY. 

IM. Wrb, flnif mvlhud. — Perhaps the simplest method of 
ohtoining the etnuns in the case of a passing train is to tabulate 
the etrains produced by each weight separately, and thence infer 
what coodttion of the load will produce the maximum strains in 
each diagonal (166) 

V.X. I. The (ollowiDg eiataple of a lattice ginler, 80 feet long and 10 Feet deep, 
with t ayitfinu of rigbt angled triangles, will i1]u>trate thk method (nee Fig. Bt>) : — 




Let the permanent briilgulu*.! equal Iialf a tbn ptr running ft 
juiii er|iial •>De ton per running fuot. Kfuni ihese data we liare 

W =£ S'S tona at t*eh apei from the parmancnt load. 
W = SO tone at eacli apei from the pnning train, 
/ = )0 = the nnmlier nf bnji in the (pan, 
e = if.". 
W«e#= S-(.86toiu, 



W 



,(= 17 l-i 
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Th« upper ro* in Ihp proiwling Ulila repreMuU Uia pMiiiig weights, uid tbe Rnt 
eolnnn r«pnMnU the dlkgonkk. The next fifteen oolumna centaln the itruna pro. 
duced in Iba dugonil* by eiwh weight ofUiig npftntely ; tlieio »e deriv«d fram fp. 
113 ftod Hi. The ne» two oolunmu nurked C and T' conUin tbe roaiimnm itnini 
of compreuion unA tenilun produced bj tbe puning load ; thi«e ars obtsined bj adding 
the (Irsint oF cumpreaaon and tennon in e>ch row ■epar>l«ty. The column beaded S 
contuD* tho itraina prodiioed by tbe pennuif nt loiul ; It ie copied from tbe prerioiu 
exuuple in 189. Fiiul];, tbe latt two colunmi marked C and T ccntaiu the 
ablolate nnuimam itniiiM which the comhined paaiing and permanent laadi can 
ptodaoe ; tbcae are obUined bj adding oolDmii Z to colDmns C and T' sucaetmruly. 
From this table it appears that dLsgooala 9, 10, and 11 are mbjeet to buth oonu 
prenioD and tendon ; uonieqoeuU]' the oil ceulral diagonals terjuire oonnlerbnuiiig 
(ISV). The mazimum strains in the flanges omiir when the passing load aiteuda 
nnifoirnlir over the whole girder tSS) ; thcj may be obtained by mean* of a diagram 
of straina as explained in ISS. In thii Binmple the flang<>.<trBins ate three time* 
greator than in the ciample in IM, for the pasting load per running foot oqualstwica 
ha pernument IdriI, 

■85. End plllsrM, — The end pillars of lattice ginlera are some- 
times subject to transverse strain from the horizontal components 
of the diagonals which intersect them midway between the flanges. 
This transverse strain is, however, of slight amount, as it is merely 
B differential quantity, being due to the excess of the strain in the 
tension diagonals over those in compression, or vice nrifi. In 
Fig. 59, for example, the vertical component of t!ie diagonals 
neeUng at c !a transmitted through the lower half of the pillar to 
the abutment in addition to any pressure which it may receive 
from the upper half Their horizontal component, however, tends 
to deflect the pillar outwards or inwards, according as the strain 
■n the compression or tension diagonal is in excess, and this trans- 
verse strain converts the pillar into a vertical girder whose abutments 
ftre the flanges. This excess does not attun its greatest value 
when the girder is unifonnly loaded ; for since the load is on the 
upper flange, the tension in diagonal 17' equals tbe compression in 
diagonal 3, and on examining the preceding table we And that the 
greatest excess of strain in diagonal 1 over that in diagonal 3 occurs 
when all the apices of the system to which the former diagonal 
belongs are loaded while those of the latter are free from load. 
This of course is a condition of load which is very unlikely to occur 
in practice, but it is quite {tossible that passing weights may re^t 
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on two apices of tlie first syetem, eay W, and W^, while the npicea 
belonging to the other system are free from load. This inij<ht 
occur, fur instftncfl, if a pair of engines or heavy wagons were 
to cross with a proper interval between them. If this were 
to occur in our exRinj>le, the horizontal component of the stroin 
in diagonal 1 would = f'ii + jl) W' ^^g _ ^.^ ^^^ ^^^ ^.ji^ 

ought accordingly to be designed with adequate strength to meet 
such tranavcrso strains as well as those of compression in th< 
direction of their length. 

I§0. JUnblcuHr reaprHlnr ulraliM In lattice braclnir.— 

When a Intiicc girder contains three or more systems of triangles.a 
slight Ambiguity may occur respecting the strwns if the luad be din 
posed on both sides of the centre. Take for example W, and Wj 
Fig. 59, which belong todifferent systems, but rest on apices equalljl 
distant from the centre; the whole of W, may be transmitted td 
the left abutment tlirough diagonals 7, 13', 3 and 17', and I 
whole of Wg to the right abutment through diagonals 7', 13, 3' and 
17 without producing str^ns in the other diagonals of citltei 
system, which indeed might be safely removed as tiu- as t 
weights are concerned. The metliod of calciiUtion de»^ribcd in 
l%8 assumes this to be the case. But again, y'fiths of W, m&n^ 
be transmitted to the right abutment, and /ffths to the i<:i\, through^ 
the dingnnnls of its own system, and similarly with W, (lO). Thk i 
is ueumed to be the case fur tJie passing load in the example ii 
IM. Hence there is a slight ambiguity respecting the strains, a 
they may go in either way, or partly in one, partly in thn other). I 
just as it is impossible to say how much pressure is transmitledil 
through any one leg of a four-legged table. If, however, the t 
girder be strong enough to susUiin the strain in whichever way iB J 
can be conveyed the safety of the structure is necured, and| 
practically there is a very slight difference in the rpsnlling BtraiiN 
whichever method of calculation Is adopted. 

1^9. PlanKr-slnilnH cttlralnird by momeata. — When ( 
culating the stmin in any buy of ii liilticL- girder by the motlu 
of moments (IGS). we must not neglect tht.- muments of the str 
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in the diagonals. Tlul jmrt of the girder represented In Fig. 59, 
for iofltancc, wliidi is to the left of a line drawn through bays a and b, 
u held in equiULrium by the reaction of the left nbutmeiit, the weighls 
W,, W,, nnd Wj, the horizontal forces at a and b, and the oblique 
forces in liiugimats i, 5, 13' and 14'. The moments of the former 
pnir of diagonals are opposed to those of the latter pair, but they 
Ketduin balance exactly. Hence the strains in two bays vertically 
oyer each other are rarely precisely the same Id value, but differ by 
an amount equal to the liorizontal component of the strains in the 
diagonals which are intersected by a line joining them ; this, indeed, 
is true whctlier the bays lie vertically over each other or not, and 
ia merely a modification of the law stated in AB and 57. Again, it 
would be erroneous to expect that the strains in the bays of braced 
girders when uniformly loaded mast necessarily agree predsely 
with those obtained by eqs. ^4 or id. In some catea it happens 
that they do so agree, but in general they are only close approxinia- 
tioDS. This Arises from otir nKsuming that the load in braced girders 
is concentrated at the apices in place of being uniformly distributed. 
In Fig. 5!f , for instance, the load on the extreme half-bays is assumed 
to rest directly over the pillars, while that on the two central half-bays 
b assumed to rest exactly on the central apex ; consequently these 
portions of the load arc neglected in calculating the central strains 
in the flanges by the method of moments. If, however, the moments 
be calculated on the supposition that these loads act at their centres 
of gravity, i.e., at a <listance fronj the pillars equal to a quarter-bay, 
and at a distance from the centre also equal to a quurler-buy, the 
strain at the centre will agree with that obtained by eq. 26. 

ISS. Wrfc, MTMHid methiMl. — The strains in the bracing of 
lattice girders subject to [Missing loads of uniform density may be 
expressed by an equation obtained in the following manner: — 

Let W = the passing weight on each apex, 

I = the number of bays in the span (= 10 in Fig. 60), 
k = the number of systems of triangles, ie., the number 
of bays in the base of one of the primary trianglcH 
( = « in Fig. flO). 
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£' = the maximum stnun which nny given diagonal susbUDS 

from the paaatng loa<l, 
n = the number of bays between the given dtagomil and 

one of the abutments, measured along the loaded 

flange, 
p = the integral number of times that its own system 

occurs between the given diagonal and th« 

abutntent, measured also along the loaded flange 

(= the integral part of"^'), 

6 = the angle which the ditgonals make with a ^'crlicall 
line. 




i 



Suppose the load traversing the upper flange nf Fig. 60; diagonal a 
sustains the maximum compressive strain when W, and W, restfl 
upon the ginler, and in general, each brace will sustain tlic maxi-l 
mum strain when t]ie |>assing load covers only one segment (whicl 
segment may be easily seen by inspection 174), but the strain itV 
Busttuna is due to those weights alone which rest on the apices of ita 
own system. If, for esAmpIc, there be n bays between the lop of 
diagonal a and the left abutment, then, on the principle of the lever, 
the portion of W, which is transmitted to the right abutmentj 
through a = iW ; and of W» = — r — W. The maximum aoxa-A 

preseive strain in diagonal a ia equal to the sum of these quantitiea 

VV' 

multiplied by Mcfl, and equals (n + n — k)-j-»eeH\ and in genu 

the maximimi strain in any given diagonal due to the passing luad,l 

2' = (n + K — i + n ^ il + « ^TgJ + . „ ^Jky^itte 
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' SUlllllUtIg tllf^^ up, 



-^)(i. + .)^. 



(121) 
I = the inaxiniuni cumpressiun in b (174), 



1'he moximuin tCDsion i 

nnd £' will represent compreasive or tensile stnuna acconling as the 

lotuJ ti-avcrsea tho upper or lower flnnge. 

I§9. Ex. 3. Let Fig. (!! rai>[eunt it Ultice girder 80 feet long knd S InA doop, 
'hOM bncing coniisia of Iwn ■jsteiui of (i'jhlnngled tiiuiglea witli the loxl trnTcruiig 
tiia appet flnnge 

Fig- fil. 




L«t tlie (lermiuieDl briJgv-tuiul etguul half a, ton per running foot nnJ Uis b<wTi»t 
■WDg train tit uaifami dsntit; tn'iti one ton per Tool. Tbon we Irnva 

W = S'S tout ftt each apex buni the pemuuient loud, 

W = 5 toDi *t «Bcb apei from the puiing tmiQ, 

* = *&", 

1 = 10. 

k = 3, 

Wwrt = 3-6* loiu, 

y^Ktt = OH tont, 

(W + W) lant = 7-S toia. 

Tb« itnuni in tani ar« pvtn In the following table, tliB numban id tbe fint oolamn 

wUcb reprMcnt Iha diagooala in Fig. 61. Tba lad. 3rd, and 4tli colnmu an tbe 

efB^nta io eq. 121, (nun which tlia maiimmn itntiiu prodaced by the paauDg 

load (ooliuniuC and T) are dmTed, Tlie itruDi produoad by tba penaanent 

bridga-load (culutDD 2) ara obtained Trom eq. 11!!, obaening tbat the ooeffi- 

that eqnatian ddv repraWDti the number of weights betoDging to ita 

own «j»teoi which ooonrbotweenanygiran dia^nat and tbe eantoa of Ihagiidar (IM). 

Tbe Isat two cotniuDi (C and T) giTa tba abaotnte maiimnm Hraiiw daa to botb 

{■eimaueDt and paanng loada ; Ihaaa are obt^ad bj adding ooluniu C and T' mc- 

ce^rsly to calaoin Z- 
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+ 24-6 
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49 


+ 21 8 




+ 10-0 


+ 3-:; -1 .. 
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*2 


+ 18'S 


- 03 


+ 8'9 


+ 274 ■ .. 
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3S 


+ i5-a 


- 1-8 


+ 71 


+ 22-9 1 .. 




10 




80 


1 + 13-3 


- a-B 


+ &'3 


+ 13-5 1 .. 
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B6 


+ 11-0 


- 4(1 


+ 3-5 


+ U-Ji , - 
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20 


1 + 8-8 




+ 1-8 


+ 10-6 - 
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+ TO 






+ 7-0 - 
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.' + 5-3 




- ]-8 
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+ to 


- 11-0 


- 3-5 


■f 0-5 1 - 1 
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+ 28 


^ 13-2 


- 5-3 


... , - 1 
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+ 1-S 


-15 8 




... ' - 2 




■i 






+ 0-9 


-18'6 


- 8-B 






1 







+ 01 


^21-fl 


-10-6 
















-!4-6 


-12-4 


... -S 



37-u' 



Hie mubnuni stnina in the flaogei occur when the pawing loxi coven the whole 
ginler. lliej >re moit conTeiiisDtl]' obUined b; tlia lid of m diignm u described in 
189, Kod ue prea iti the following Ubie, the letters in the upper Towa of which refer 
to the baje in Fig. 61. The figurei in the lower row repreeent the atniine in tuns. 





A B 


C 1 D I E F Q i H 


Stndwintotu, 


+26-3 


+78-8 


+138-8j +161-3 +191-3 +213-8 +223-S; +236-3 


B.y^ . . 


' i •■' 


K L M 1 N j O . P 


Sinitu io tona, 


-30 -82-S 


-127-S -165 -195 


1 1 1 

-217-5; -232-S -240 , 



The oampruuTe itrun in euh of the end piltan is equal to the vertic^ component 
(■haaring-atraiD) of the end teniion diagonal plai tlie low! renting on the lut 
half -bay ; it rtnche* its maximum when the girUer i» loaded all over, in which cms 
it equnls 2025 + S'7S = 30 tone on each pilUr. 
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CUAPTER VII 

lIRDKltH wrTlI PARALLEL FLAHQES CONSKCTED BV VERTICAL 
AWn DIAOOrfAL BRACING, 

■90. Introdartory. — In the preceding chapter our attention 
was confined to that form of hraced web which conaiats of isoscelea 
triangles. There is, however, another ctaas of bracing in common 
180 which consists of right-angled triangleB, the braces being alter- 
lately vertical and oblique. Besides its emploj-ment in tlie webs 
if f^rders, tiiia species of bracing is extensively used in scaflblding 
ind for stiffening the platfunns of snspension bridges, but more 
ispeoially for Iiorizontal cross-bracing between the flanges of large 
{prder bridges, so oa to strengthen them against side pressure, 
whether arising from the wind or other sources. The ordinary 
brm of plate girder is, m will bo shown hereafter, a mollification 
>f this fonn of bracing (-ISO). 

191. Since the verticals may act as struts, and the diagonals as 
ies, or vire rfrnii, eacli of the following coses might be subdivided ; 
his, however, is unnecessary, ns in each case it will be evident on 
Bspectioii whether any giien brace is designed to act as a strut 
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in*. Lpt W — (lip weight dividing the girder into cpginentn 
cnntnining rrspccttvolj m and n bayn, 
I = m+ n = the number of hays in tlie Bp«n, 
= lliu niigle lietwoen the diagonal and vertical 

linices, 
£ = the t^tntin in a diagonul brace, 
£' = the slnun in a vei-tictil brace. 

Uu the principle of the lever. ^ W ia tmnainittod to the t^ht 

abutment through the biiicing of the right segment (10). IleiKS 
the strain in each verticiil of the right segment, 



(122) I 



Similarly in the left segmenl. 



^•=;'w 



Theee stmine in the vertioila are identlciil with the shearing- 
strajn orS4. I'he strains in the diagonals arc the same as in CaseJ 
III. of the preceding chapter, that is, they er]ual the foregoing stnunav 
in ihe verticals multiplied by kcO (see eqs. 113 and 114). ThsP 
strains in the Range? may be found by the aid of a rough dii^rsni o 
coefficients in the diagonals (184), or more simply, by adding th^ 

successive increments at the apices, each of which is equal tOy Wtoiit 
iir T W(nnC, according as the apex lies to the right or left of W. 

108. SInirl' movlnv loitd. — If the load move, the girder 
must be counlerbraced (HO); this may be effected eitlier by 
counterbrncing the existing braces, or by adiling u second series of 
diagonals. In the latter case there will idways be certain braces 
not acting when the load is in any given position; thus, when the 
weight rests as represented in Fig. 6^, and the verttcftU are in 
com press ion, the dotted diagonals arc fi-ec from atr^n. 

194. TmiM<4 bnun. — The trussed beam of the gantrjr or 
Imvelling crane. Fig. 63, is a fitmilinr example of this ki 
bnicing. It is, however, aeldom cnuntxrbraced by the ( 





CHAP V|[ AMI VKKtl(-AI. AND I>I*(;»)\A 




diagonals 1 hence, when the weight resta on a, the tension roii cJf 
tends to Btraightcn itself and thrust h upwards. Tiiia is counter- 
acted by the atifrnc^ of the beam ahf which la generally formed 
of a whole balk of timber. Fig. 63 when coiinterhmc«d is a 
eimptc form of ginier for i^nipdl bridges." 
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I9S. By rea-soning similar to thnt used in Case I\ of the |)rcced- 
ing clia|it»?f, it may he shnwn tliat each brace sustains a strain whicli 
is due to all the weights between it and the centre nf the girder. 
Let W =: the weight resting on each apex, 

n = the niiml)cr of weights between any given brace and 

the centre of the girder, 
= the angle between the diagonal and vertical braces, 
£ = the strain in a diagonal. 
£' = the strain in a vertical. 
The strain in each vertical etiuals the shearing-strain of -IS, that is, 

• The nUwfty bridge over the Wye, n«ar Chitpatow, tncUA by ihe Ute Mr. Bniuel, 
li an aiMnple of tliii truw nn * giguitic ityle. (8«e Clart on lit Tulutar Hriilffo. 
p. 101). The to»A, hnvtvtr, » ntUrhHl to the lower f1iui|:e. but b nniill bridge* il i* 
nmal to plfcCa Oim tru" npw»rd«, like Fig. 6S iovorted, for thii unngenianl Imret 
fTMttT hi!»Hw»y b«n«jrtli, and u the tru« Ibnni part of th« b«nU-r»il it atu>iirtn > 
doablr putiK~». 
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%' = «W (IM)^ 

The strain in eu*'li <liag<^iiiitl 

S = /.W»«« 

The increment of strain at each apex = nWlanO, where n = the 
ntunbcr of weighu between the diagonal which intersects thnt apex 
and the centre; the Bucceesive additions of these increments will | 
give the resultant strains in the several bays. 



CA8B III. — OIBDBRS SUPPORTED AT BOTH ENDS AND TRAVERSED | 
BT A TRAIN OF UNIFOHM DENSITY. 




196. Heb. — When the load travcrscB the upper flange, each 
TCrtical, if acting as n strut (Fig. 65), sustains the masimum 
strain when the passing load rests on its own apex and on those 
between it and the farther abutment: if acting as a tie (Fig. 66), 
when its own apex is free from load and those between it and the 
fiirther abutment are loaded. 

When the load traverses the lower flange, each vertical, if acting 
as a strut (Fig. 65), sustains the maximum stnun when its own apex 
is free from load and tlioae between it and the farther abutment 
are loaded ; if acting as a tie (Fig. C6), when its own apex and those 
between it and the farther abutment are loaded. 

The mnxitnum dtniin in any diagonal, if in tension (Fig. 65), | 
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occurs when the load rests on each apex between it and the abut- 
ment from which it slopes upwards; if in compression (Fig. 66), 
when the load rests on each apex between it and the abutment from 
which it slopes downwards (194). 

Let W^ = the passing weight on each apex, 

n = the number of weights resting on the girder in the 

foregoing cases of maximum strain, 
/ = the number of bays in the span, 
= the angle between the diagonal and vertical braces, 
:S z= the maximum stnun in a diagonal, 
£' = the maximum strain in a vertical. 
The maximum stnun in any vertical is represented by the follow- 
ing arithmetical series : — 

S' = (1 + 2 + 3 + 4 + n)^^ 

S' = !L(1+:j!L) . Y^ (126) 

Similarly, the maximum strun in any diagonal, 

g^ w(l + n) .W;,^e (127) 

The absolute maximum strains in girdeiai subject to both fixed 
and passing loads are found by tabulating the strains produced by 
each class of load separately, and then adding or subtracting them 
according as they are of the same or of opposdte kinds (195). 
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CASE IV.— LATTIUE OtUUUHH HUITURTKD AT HUTU E3IUS AMO| 

TltAVEKSKI) BY A TRAIN OF ITSirORM DKNSITY 




107. Wrfc. — III thk form of laltic'irig the verrinils »rii gencnJly 

cuiislructvil so na to uct aa Ht.ruU mid the diuj^onale ilb ties, iu 

wliicb ca^ the doited diagnnaU ore tlieorctically unnecesBU^. 

Let W'= llie passing weight on cbcIi apex, 

I = the number of baya in the epaa (= l(J m Fig. 67), 
k = the number of systems of nght-angled triangles, £.«., 
the number of bays to the base of one of the primary 
right-angled triangles (^ 2 in Fig. I>7), 
T = the maximum tensile Htruin which any given diagonal 

Bustiuna from the passing load, 
H = the number of bays between the foot of the given ' 
^agonal and that abutment from which it slope* 
upwards, 
p = the integral number of times that it« own (right>angled) 
system oeours between the foot of the diagonal aod 
the same abutment I = tlie integral piirt of ^ j, 

6 = the angle between the diagonal and vertical braces. 
It may be shown by reasoniug similar to that employed in ■§#* 
that the maximum tensile strain in any diagonal. 

The maximum compression in any vertical equaln the maximiiin J 
tvnsiun in one of the conterminous diHgonoU divided by hcV- If J 
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the load traverse the upper flange, take the diagonal intersecting at 
bottom on the side remote from the centre. If the load traverse 
the lower flange, tiike the diagonal intersecting it at top on the side 
next the centre. 

198. find pillars — Amkliralty renpectlnir strains In thwdtj 
deslpuu — In this form of latticing the end pillars are subject to a 
severer transverse strain than in the isosceles latticing described in the 
preceding chapter (185). In the present case the end pillars must 
be made sufficiently strong to sustain the horizontal components of 
all the diagonals which intersect them between the flanges. This 
inconvenience may be remedied by introducing short diagonal struts 
such as a» a» Fig. 67» which will relieve the end pillars of a certMn, 
though indefinite, amount of transverse strain and at the same time 
diminish the compression in the bay c and the vertical d. Both 
diagonals and verticals are occasionally constructed so as to act 
either as struts or ties ; in such designs calculation is at fault, for the 
stndns may pass through the isosceles system of triangles alone, or 
through the vertical and diagonal system alone, or partly through 
one and partly through the other In such designs there will 
generally be found a certain waste of material. 



■q 
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CHAPTER VIII. 

BKACED GIKDEKS WITH OBLIQUE OR CURVED FLANGES. 

109. Introdoetory — CJilcalatlon by dlai^ram. — The clasa of 
braced girders to which our attention has been directed in the two 
preceding chapters is characterized by the parallelism of the flanges. 
We have seen that the strains in each part vary according to the 
position of the load, and that they may t>e calculated by simple 
formulas with a degree of accuiBcy which leaves nothing further to 
be desired. I now propose investigating braced girders, one or both 
of whose flanges are oblique or curved. The '' bowstring*^ girder 
may be taken as the chief representative of this class, which also 
includes the arch with external bradng and roadway above, the bent 
crane, and the various kinds of arched girders now so common for 
large roofs. Formulas for strains are unsuited to this species of 
bracing on account of the various inclinations of the several parts of 
the structure. Instead, we have recourse to carefully constructed 
diagrams in which strains are represented to scale, by the aid of 
which, however, a degree of accuracy is attunable which is practi- 
cally nearly as perfect as that obtained by the application of formulas 
to the girders described in previous chapters.* 



CASE I. — BENT 8EMI-Q1KDERS LOADED AT THE EXTREMITY. 

900. Bent enuM. — This form of semi-girder has been adopted 
for wharf cranes where head-room is required dose to the 
post. The flanges may be equi-distant as in Fig. 68, though a 

* The corred flanget are awomed to be polygonal, Lt,, formed of itnught llnea 
joining the apicei (IM). 
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more iilt-asing form is produced by brining them closer U^cther 
as they :ii)[)r(iuch the peak.* 

Tlie wvight W ie supported by diagonid I and the first bay in 
the lower finnge E, producing tcnaioa !□ the fomier, compression 
in the latt«r. The tcnv^ion of diagonal 1 is resolved at d into its 
cumponenld iu the direction of A and diagonal 2- The resultant 
of the strains tn diagonal '2 and E, found by a triangle of foroe, is 
re8olv<^ at (f into its components in the directions of t)>e third 
diagonal and F. In a similar manner the resultant of the struins 
in diagonal 3 and A is resolved into its components in diagonal 4 
and B, and so on throughout the girder. 




An example (see Fig. (J8> will illustnite this fully, and the student 
is recommended to work it out for himself by the aid of a dingram 
drawn aucuratcly to a scale of not less than five feet to one inch. 
The strains may be represented to a scale of ten tons to one inch, 
though in many cases a Larger scale will be found preferable-t The 

■ Tabular arttuM of tfai* torm were 6r«t nuuia nilh plkto welw by Mr. Fiarburn 
liVoft Jot. Mtek. Eng., Part 1., 18fi7), uiil the bruwl web *ru Rnt adopted 
by WinUm Andemn, E»q,, in ■ nii-tnn omoB eiutted fi-r tlio GorernnwnC M tlio 
Pigeon UauM Fort, nnu JJablln. Mr. AndenoD alio deugnod a itiry fine tvcnij-laa 
bent cnuiB, with plua web*, Tor the Biiauui GoTeniment, SO leet high, uul 31 '-t" 
rvthiinf [Mrak {Trtta: Intl. C. E. o/ ] nJand, Vol vi., and Vol. viU., p. IST). 

t Bollinn iiarallol tulu, IS or IS inebia in length, irill ba found aaerul tni Ujing off 
panllBl Udm of (tniin. 



*■ 
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flanges are equidUtant, ibnuing quadrants of two circles whose radii 
arc resi)ectively 20 and 24 feet. The inner flange is divided into four 
equal bays on which stand equal isosceles triangles, and a weight of 
10 tons is suspended from tlie peak. Draw ab vertically and equal 
to 10 tons measured on the scale rcpre.senting strains, and draw be 
parallel to E so as to meet the diagonal 1 produced; be and oc 
represent the strains in E and diagonal 1, and measure on the scale 
of strains + 10*8 tons and — 131 tons respectively (9). Next, take 
de equal 1 3'1 tons (= ac), and draw e/* parallel to diagonal 2 so as to 
meet A produced ; ef and df represent the strains in diagonal 2 and 
A, and measure + 18*8 tons and — 21*7 tons respectively. Next, 
produce diagonal 2 so that gh may equal 18'8 tons (= e/)^ and 
draw hi parallel to E and equal 10*8 tons (= 6r) ; ^ is the resultant 
of the strains in diagonal 2 and E, and is traDsmitted through F 
and diagonal 3. Draw ik parallel to F ; ifc and kg will represent 
the strains in F and diagonal 3, and measure + 305 tons and — 5*4 
tons respectively. Proceeding in this manner we obtain the stnuns 
given in the following table: — 



Diagonally . 


1 


2 


S 


4 


6 1 6 

1 


7 


8 : 


StraiiiB in tons, . 


-18-1 


+ 18S 


-6-4 


+21-4 


+8-2 


+20 6 


+11-2 


+8-8 


Plnnges, 
Strains in tonft, . 


A 

-21-7 


i 
B C 

-39-7 -51 3 


-40i' 


1 

E i 
1 

+lo-d 


F 
+30-6 


G 
+ 453 


H 

+62-8 

1 



901. CalcolalloB by momentfi. — It is prudent to check the 
calculation by computing the strains in some of the bays-by the 
method of moments. That ix)rtion of the crane which extends 
above B/, for instance, is held in equilibrium by the tension in B, 
the weight W, and the forces which meet at /. Taking momenta 
round the hitter point we obtain the stniin in B. In this example 
Bl measures 3*55 feet, and the horizontal distance of / from W 
measures 14* 12 feet; hence we have 

3-55 X s'train in B = 14 12 x H' ton«*; 




I 
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wbeDce the Btrain in B = 39-8 tons, which ngrece clusely wilb the 
former result 

When only one eysteni uf trionguhtliun la tulopted, the eiraina in 
the Banges m&y bu obtained in thU manner b; moments, and those 
in the diagonals inHy afterwards be derived from the flanges. Thja 
method is perhaps more simjile in practice than that tirst described, 
and has a ftirther advantage that errors do not accumnlnte. 

•Ot. Lattit^ M'cbfl not sailed Itor powrrital brnt cnuum. — 
The chief merit claimed for the bent crane ia the large amount of 
hend-room it allows underneath the jib, which enable boilers or otiier 
bulky arlicles to be brought close up to the peak. This merit, 
however, \a balanced, and in many cases more than balanced, by 
the greater Bimplicity of the ordinary crane. The lattice web 
ia not well suited for cranes exceeding 10 tons, as the dii^onala 
become so wide and leave so little open space that plating may 
be advantngcously substituted for bracing. 



<'A8E n.— THE DKACED SEMl-AKCIl. 




•OS. I^n Ing brid«re. — Tliia form of eeini-girder io a modiHcniion 
of the previous case, in which the nidiua of the up[jer flange becomes 
infinite; it is suitable for swing bridges, in which case the end 
next the abutment U prolonged backwards with iiarallcl flanges 
and liHulcd at the inner extremity witit a coiintcrfxiisc weight (o 
balance the projecting part. This backward continuation resembles 
the M^ii-girder described in Ca*e I., Chap. VI. In order to obtain 
the majiimum strains when a single load or a passinff train traverse* 
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the girder, we must first calculate tlie etrains pnxlnced by the wet 
on rach apex BCparatelv, and tabulaling tlieso wc can find whi 
poBition of the load, if it ho a »ngle one, or what weights, if t 
be several, will produce titaximutn strains in each part of t 
Htructure, and the methods of calculation described in tlie p 
case arc applicable to this nlft], 

•04. Sliqric trlBafalatlon. — ^V'lleu, however, there is but o 
ey litem of triangles in the bracing, the following plan ie mora simpU 
in practice, and as errors do not accumulate, it is leda liable t 
inaccuracy. ISuppose a weight resting on the extremity of thi 
girder; on examining the forces which hold any portJou CoWa 
in equilibrium, we find that two of them, viz., the weight aw 
the borizontot tension in C pass through W,; consoiuently i 
third force, viz., the resultant of the strains in bay O and t 
6 also passes through W, (tt). In the same way it con be show; 
that the resultants at each of the other lower apices pass thn 
W,. If the weight rest on any other apex, W, for example, I 
resultant strains produced by it at each lower apex pass throt^U 
W,; or, to express this more generally, the resultant ftrain at « 
apex in the lower fiange from a weight at any ap^ in eHhtr fiangi\ 
will pass through the intersection of the horizontal Jhngs wttA i 
vertical ting drawn through the weight, provided there be hut i 
Stfgtcrn of Iriangulation. 

Again, since the horizontal flange transmits no vertical i 
the weight must be conveyed to the wall through these roeultand 
strains at each lower npcx. Their vertical components are in f 
the fiheaiing-strain and equal to the weight ; hence, knowing I 
tlieir directions and their vertical components, we can find Uiorl 
amounts. Thus the resultant strain at a from W, uuiy be found 
as follows : — Draw a vertical line ab equal (by a scale of straioa) toj 
W,, and draw he horizontally till it meet W,a produced; acu X 
required resultant, and may be resolved into its components in bajn 
Q and diagonal 6. The strain in the latter may next be reaolvi 
at W4 in the directions of bay D and diagonal 7. Tho for 
component is the inrrement of horizontal strain at the apex, i 
when added to the sum of the preceding increments gives 1 
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rceiillnnt etnan in D. The atmins in the other parts niny be 
nbtniiied in a similar miiDner. 

■05. RxMmple. — The following example. Fig. 69, in which the 
Btniina have been worked out on a dingnuu drawn to a scale of 5 
feet to one mch, will be found useful practice for the student. The 
projecting portion uf the girder is 40 feet long, and 10 feet deep nt tho 
wnll, witli a circular lower fliuige which has a horizontal tangent two 
feet below the extremity of the girder. Consequently the Tcrsine of 
the arch is 8 feet, and it« radius 104 feet. The load is uniform and 
equal to one ton per running foot, which for calculation is supposed 
collected into weights of 10 t^ns at each upper apex except the 
outer one, which has only 5 tons, or the load which rests on half a 
bay. The strains have been calculated for each weight sejiamtely. 
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+ (I-S 
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+ 11-7 
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+ 18-S 
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D 
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+ 82-1 
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+ 10-7 


+ 88-8 
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The reader will perceive that tlie strain produced in buy H by \ 
is half that jirodiiceii by Wj, and one-thinl of thiit produced \ 
Vy«, and ill general, the strains produc.etl by the ditferent wraghtj 
in any given bay will be sub-multiples of t)ie atraia prodaced by (Iif 
moat remote weight, for they are proportional to the leverage of tl 
weights round the apex above or below the given bay. This clnoi 
on tha accuracy of the work is, however, applicable only in the c 
of a tingle syaleni of triangidation. The strains in girJcn pf t 
form are not always such as might perhaps be expected at fin 
sight; W,, for instance, producer coiupression in both dingonaU t 
and 8, and in bay D a strain of teas amount than in bay C. 
ap[>arent anomalies occur when the resultant at the lower apex, 
for example, passes altogether at/o^e the lower flange. 

SOe. liiUtire *eml-«r«li — Tiianiralar Kenl-irlrder. — Wh 
two or more systems of triangulation arc introduced, the Htraim i 
one system prrxluce strains in the others in consequence of tfad 
curvature of ihe arched flange, and this renders the odcu) 
more tedious than would otherwise occur. This remark appUi 
to all arched girders with lattice webs. In tliis particular owe U)4 
calculations would be much simpler if the girder were UiaDguIii 
with a straight lower flange, since each bay would communicate it^ 
strain directly to the adjoining bay without aifecting the diag< 
at their junction, but this form of semi-girder has the diitadvantage ■ 
of being somewhat unsightly in appearance, which in 
might prevent its adoption, whatever nierits, and they are coo-J 
siderable, it may possess in other respects .• 

•07. InTerted seml-arcb. — When head-room bene«Ui is I 
quired, we may invert the girder represented in Fig. ( 
it will resemble one-half of a eus[)eiiBiou bridge. By so doing we 1 
change the slruins in kind hut not in amounL 

* A Uri[« Iron nring bridge. > drawing of which Appc&nil in the tUlutraltd Zowfan j 
iVttM for October 12, Ififll, bu been cnnsttucted aI Brert. in Fnuice ; it 
(wo IriMiiguUr (emi-sirdon «Uli vrrticAl nnil iliagotiil Einoiii^. 



CHAT. VIII.] 
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CASE III.— neST OIRDEES 3UPr*0RTED AT DOTH KSDS AND 
LOADED STMMETRICALLT. 

Fie. :(■, 




S0§. iltBilJiblr n>r rooflt — FlAoicrs. — Frequent modifications 
of thia form of girder occur in tlic roofs of our railway stations and 
crystal pnkces, to which its graceful outline and lightness of 
appeonuDce impart an air of elegance which no other form posBeuea 
to the same degree. It may also be employed for bridges where 
grrater headway is required beneath the centre than at the 
abutments. I shall, howeter, merely investigate the strains 
producdl by a load symmetrically disposed on either nde of 
tlie centre, such as a. roof principal generally sustains. When the 
girder is subjrct to a partial or a pneeing load, the more general 
method uf investigation treated of In the next case becomes neces- 
aary. The horizontal strains at the centre of the flanges are equal 
and of opposite kinds ; their amount depends upon the central depl h 
of the girder and may be found by the method of momenta as 
follows :— 

Let W = the load symmetrioilly distribute^!, 
/ = the span. 

</ = the central depth from flange to flange, ah bH, 
I' = the distance of the centre of gravity of each half load 

from the centre of the girder, 
T = the tension at the centre of the lower flange, 
C = the compression at the centre of the upper flange. 



ii» 
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The linlf girder abH U held in equUibrium by the reaction of tl 

left abutment) = ], by the l«fl.hn.irina(l(which wcmaj-a 

cotWtcd at its centre of gmvity), ainl by ibe horironUJ struiua 
compreanon and tension at l> nnd H. Taking momenta roiuid 

of these latter points successively, we have — f ^ — '')~ Trf^ 

wbonco, 



4d 



(129)1 

Thia, which ia merely a particular form of eq. S6, proves that thi 
Btraina at the centre do nut depend u]ion the boiglit of the loWi 
flange above the chord line, but upon the depth fif the ginler fi 
flange to flange. The niethiid of calciilaling ihe straiu* in oth< 
parts of the girder cousista in working by the resolution of for 
from either abutmeni, whose reaction is a known quanlttyfl 
towards the centre. The following examples, which have I 
worked out on a diagram drawn to a scale of 5 feet to one \m 
and with strains represented by 4 tons to one inch, will exphun thia 
clearly, 

S09. Kxnmpir 1 The span of the girder, Fig. 70, is 80 feet, tl 

versincs of the Dangcs respectively 10 and 16 feet; botli flangea ami 
circular nnd each flange is divided into equal baye, with the excep- 
tion of the extreme buys of the lower flange, which are each hnlf ai 
long again as ibo other bays. The lo»d Is supposed equal to 8 t 
distributed, so that each apex sustiuns a weight of one ton; bci 
the reaction of each abutment equals 4 ton^, of which, bowcv«rJ 
half a ton is nt once balanced by the weight of the first 1 
bay of the roof which rests directly on the wall-plate, 
quently the residtant of the forces in A and E = 35 tons preeainfl 
downwards on the wall. Draw ac = Sb tons, and draw ed paraUol 
to E until it meets A produced. The lines ad and cd repi 
the strains in A and E, and measure by scale + l'2i5 tona am 
— 10'43 tons respectively. Next, lay off /■/= nd and dniW /M 
vertically equal to one ton, thut is, equal to the weight at the fi 
apex. The line (yi»> ilic resultant of the strain in A nnd llioweigbfl 
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lit f, and th« utrairiA in B an«l dU^nniil 1 are its ciMnponents, and 
con tlicreforc l)e found by resolving eg in thcii- directions. Similarly, 
the resultant of E and diitf^nal I may tic resolved in the directions 
of F and diagonal 2. 

At A wc must find the resultant of (/ir^? forces, viz., tlie strain in 
B, the strain in dii^onal 2, and the weight resting on the apox. 
From this rceiiltiint the strains in C and diagonal 3 are derived, 
find so on to the rentre. The following tnhle c^nntains these 
etTMins : — 



B»d(.g. . . 1 1 


a 1 S 
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S 


6 




StndM in taIl^ . . 


-,., 


-losl-i-auj-o-Bi 


-HM 


-1-0 




Ftonp-. . . . 


1 A 


B 


= 


D 


E 


F 


H 


Stn^iu in tol«^ - . 


+ l2-!i\ +13'b[ + 13'1 +12-BJ -lO'l 


-.., 


-12-2 -la-a 

1 



The accuracy of the work may be checked by comparing tlie 
strain in H with the central strun in the 6anges obtiuned by the 
method of momenta. As the distance of the centre of gravity of 
the half load fi^m the centre of the girder is unknown, the most 
convenient method for oht^ning the Icvenu^e of the weights is by 
accurately measuring on the diagram the distance of each weight 
fn>m the centre. Doing this, and taking moments round the centre 
of ather flange, wc liave 

615 F = 40 x3-5tona— (31-4 + 2lii + lll) 
whence the strain at the centre of either flange. 

F = 1234 tflna 
in place of 12*2 tons, an amount of diwreimncy which is im- 
material. 

The central depth by which F is multiplied has been obtained 
by n>e*8urcment, and is, it will be obaerve<l, slightly in ejjeeas of 
6 fe«t, arising from the central hay of the lower flange being s 
■tnugbt line and therefore slightly farther from the upper flange 
than the arc of which it is the chord. 
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[OBAP. 1 



•10. ExAMpIc- I — tmbtcnUy In lb« «lraln<i whrK m ffln 
rr«t« on more (bnn (wo points. — The girder represented 
Fig. 71 has llie same span, depth ami vcrame aa the preoedin 
example, tiut tlie mode of hnctng ia smitlar to that described i 
Chapter VII. Kanh flange is divided into eiglit equal baja a 
every allpmat<> bmce U newrly radial to the lower flange. 
Fig. Jl. 




The Btrain^ due lo u f'>H<l of 
flange are as foUowH : — 



Bn««,ff. . . . 


1 1 2 1 S 


4 




•I'l ! 


SlMhuhitani, . . 


-1'7bJ +0-8 -i-as 


+04S 


-ir 


+0S 


-I't 
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StfidM in trni, . 


+ia7|+ia-7|+iM 
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-n-8 


-12S -IH 


-M 



The horizontal strain at the centre of piUier flange equals li-fl 
tons. Oieeking this as before by the method of inomrat«, \ 
have 

(iF= 40 X 3-5 tone — {31 4 + 21-6 + 111) 
whence the strain et the centre of either flange 
F = 12-65 tone. 

This class of girder is occasionally conetnicte<l with cquJdista 
flanges, in which cose it ia essential for accurate calculation thattl 
ginler rest on (wo points only, cither the extremities of the inm 
or the extremities of the outer, flange; otherwise we cannot t 
how much pressure any one point mstains, just as the pressure q 
any one leg of n four-legged table ia indefinito 
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CASE IV. — BOWSTRING GIRDKR- 




Sll. iHlDvIe load. — Let n single weight W, re8t upon one of 
ttie ftjucca which divIiJe^ the girder into segments containing respec- 
tively m &nd n Bpgments. On the prindple of the lever the preeaure 



on the right abufinent = - 



- W,, that on the left = 



rW.. 



This latter quantity is the resultant of the strains in bays A 
and F, which can therefore he obtained iVoiu it by a. diap:am of 
straina. Again, the Btntina in B and diagonal 1 may be derived 
from that in A, and by resolving the strain in diagonal 1 in the 
directions of diagonal 2 and bay Q we obtain the strain in the 
former and the horizontal increment of strain developed at the firat 
apex of the lower flange. This increment adtled to the strain in F 
givea the total strain in Q. The resultant of the atruna in B and 
diagonal 2 is also the resultant of those In C and diagonal 3, which 
can therelbre be derived from it, and bo on. 

•IS. PiuMiinit lond — lillllp roantrrbrArlnv rrqulrrd — Bow- 
■Irinir bIi^^i* united n>r Inrfrr npnnH.— When the load ib a 
single passing load or a train, we must tabulate the strains 
produced by the weight on each apex separately, and tlienc* deduce 
what position of the load produces maximum strains. It will be 
found that the maximum strains in tlic flanges occur when the train 
covers Ilie whole girder, and that they are of nearly uniform mag* 
nitude throughout each flange, while the maximum etraiuB in th« 
dtagonals increase as they approach the centre, just the reverse of 
what occurs in the webs of girders with hori/onlal flanges. The 
following example, Fig. 72, will illustrate fully the mode of calca- 
latJng the strains in thi« imfx>rtant form of girder. They have 
been worked out ou a diagram drawn to a scale of 5 feet to one inch 
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The span ia 80 feet divided into 8 equal bays, and the bow is a 
circular arc whope versine cqualti 10 feet, but as there is no apex at 
the crown the central depth of the inscribed polygon, measured by 
scale, equals 9'85 feet in place of 10 feet. The load is supposed to 
traverse the lower flange and to be of uniform density equal to one 
ton per running foot, which is equivalent to 10 tons at each apex. 
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On examining the foregoing table we observe that, when the 
permanent (uniform) load is equal to or less than the passing lond, 
a large number of the diagonals require counterbracing ; in this 
example, for instance, diagonals 4, 5, G, 7, and their counterparts at 
the other side of the centre, require counterbracing. If, howevu-, 
the permanent load be much greater than the passing load, it may 
happen that the diagonals will always be in tenuon and thus relieve 
the engineer of one difficulty in large girders, namely, that of 
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providing ngaitiHt flexure in long strut«. Heul^e ihe bowetriug 
girOvr scuins woll suited fur liirge spans (454). 

SIS. C^lenliUlon by momrata. — The work may be checked 
by calculating the strnins in some of the baye by the method o( 
moments. Thuu, in the centnd bay E, the strain 



F = 



35x40 — 10x60 
9-85 



= Hl-i tuns compression, 



a clu«c appi'oximattuii to the amount in the table as the discrepancy 
is only 04 tons, or g^jrd of the whole. On examining the table 
we lind that all the intermediate stnuns aro multiples of those in the 
columns under either W, or W,. They agree also in sign with th^r 
sub- multiples. This arises irom tlie reaction of each abutment 
being dii-ectly proportional to the length of the remote segment and 
indicates a EjKedy method of filling up the table, m., by caJculating 
on a diagram the strains produced by the two extreme weights and 
thence deriving tlioae due to all the intermediate weights. 

•14. Vnittormly dlBtribute4 IomI— Little braclav rrqolred. 
If a uniform hoiizonlal load be suspended by vertical rods from a 
circular bow, tlic diagonal bracing will scarcely come into action 
and the tension throughout the string will be very nearly uniform, 
for a small arc of a circle differs but slightly from the parabola 
which a chain (inverted arch) aaeumes when loaded uniformly ]>er 
horizontal foot (4*», 4ft). Id this case the horizontal component of 
strain is nearly uniform tliroughout the bow and equals the com* 
prestiion ut the oniwn or tlie tension in tiie string. The vertical 
component at the epringing is equal to the half load, and at any 
other point it equals the lulf load supported above the level of that 
point. The longitudinal compression at any point in the bow is 
the resultant of these horizontal and vertical components, and 
would be strictly tangential to the curve if it were a parabola, t.e., 
the curve of equal horizontal thrust for a uniform horiztintal load. 
Tlio bow funiis n considerable item of the total weight of a bn<lge 
oi' large mpiui, and the annexed method of calculating the strains 
will be found more accurate than one which supposes the whole 
permanent load rening on the lower flaDf*^■: — 
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1". Calculate the luaxiiuum iitniiiis in both fltiiigiM und b 

produced by the passtog toad of greatest umf'onn density, 
aa lUready exi>liuni-d. 

i'. Caiculule t)i<.- stmiiiB produced by the permauent load wliicb 
rests on ihe lower flange, including in tliis the string, roftd- 
way and bracing. These may be obtained by prupor tioo 
from tbe Btiuins produced by the passing load wbeo' Jl 
latter covers the whole bridge. 

3°, Calculate the (uearly) uiiifonii stmiii produced throiq 
the bow and string by the weight of the former (eq. | 
If greater accuracy is required the tongitudioal at* 
the bow may be ubtauied by the method explained iii 

Having these arranged in a tabular form wo can eodly fine 

tnaximuui etmna which each part sustains. The 2n(i awl 3rd of 
the foregoing calculations may be replaced by the method deociibad 
in the preceding ease for calculating the strains due to a permanent 
load, without however aimplifying the ojicratiou in praclifc, 

•15. Invrrtrd bowstiinir or Osh-bHUrd Rlrdrr — Bow a»A 
lnT«rl, or double bow. — The method of calculatbg the stnuns 
of the bowstring girder is iilao applicable to its inverse — tlie fiah- 
bcUied girder, ie., the arc in tension with n hurizontal flange ia 
compression, us well as the lenticular girder compounded of i 
two, i.e., a bow and invert connected by bracing, sucli as tbe I 
Albert Bridge, Saltash. Examples of these forms are, how 
comparatively rare, except in oast-iron girders and beams of ■ 
engines, but the fish-bellied girder is sometunca used for ( 
road -girders, 

Sie. SloBle trUuivulatloii.^When the braeing consists of B 
single system of triaugulation, as in Fig. 72, the atnuns may be 
cajculated by a method similar to that described in a04. Suppose, 
for example, that W, alone rests upon the girder, dividing the lower 
flange into segments cont^jiing respectively m and n bays; the se^ 
ment ate is held in equilibrium by three forces, viz., the reaction of tlie 
right abutment, the horizontal tension at c and the resultant of the 
Rtraing in K and diagonal 10. The two former meet at a ; conseqoi 



longe ia 

or d^H 



i;conseqafla|M 
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the third, the nuuItAQt al b, \mMea tliruugli ihc suiiie |>oiut (9). 
Agnin, foaca the lower flange 'm horizonLal.It cauiiut convey a vertical 



abuimeHt) must be c»nveii'ed Uiruugli the buw aud diagoaold to tlic 
right •btiUnciit, forming the vortical co[U]K>DGQt uf lite resultant at 
each upper afiex. This auggcsls the folluwiug method ufculculntiiig 

the stmiua. Umw bd vertically equal tu — — W,, uud druw de 

hurizoiitnlly till it niceUt 6u produced: (k n.'preseiita the resultuatiit 
i>, and hence we cjui tiud its conijtouent in K and diagonal 10, or 
in L and diagonal 11. The eame rcasooiog will apply if all Uio 
upicea to the lei^ of W, are loaded, in which case diagonals 10 and 
11 will austain the ntaxinium Blntins of tension and compression 
which a. pneeing tmtn cou produce in them. At the eevend upicea 
in tlic bow over the wdoudtd segment resultant etrains will be 
developed, each of which will jniss through a and have the same 
vertical component, viz., the reaction of the right abutmeuc, provided 
(here be but oue system of trianglce. In the case of the train, hd 



W 



15 



W, since there 



arc fi loadt'd apices in the lefl segment and 8 bays iu the span. 
This operation must be repeated at each apex of the bow. 

The maziinuro strains iu the diagonals of the example in SIS 
ore calculated by this method and are given in the annexed table 
They agree closely with those previously obtained :— 
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+ 71 
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! tbeo^B 

< iireaaiiH 



t)ic braced arch tlic upper flange is goDeraltf I 
supporU tlie rundwuy. Buth fliinges ure subject to comprcssiaa 
Hnd the lower une exerts an ublicjue presanre Kgainift tW slHitmonli. 
lu this res))eot the braced arch resembles its prototype 1 
arch, while it also resembles the girder in its cupabUity of siu 
transverse strain. The Iiorizoatal componenU of the jiri 
against the abutments ure c<iual und in opposite dirccUous ; equals — 
since, if the liorizontul reaction of one abutment exceed tluU of thn 
other, tlie arch will move towards that side which exertK Uie weolcer 
thrust, a thing inunil'cstly iiiij>oSftiblc. We uiuy therefore coucttive 
It horizontal ti« eiibi^titutcil fur the honzoulal rcuction uf tlw 
utiulinents, and the arch will then follow the laws of ginlen, 
oxerting a vertical preasnre only on the i>oints of support. The 
principle of the lever (lO) is con^icqueutly up{)licuble lo Uii* 
form of brat^iig, and hence we can find the direction and amount 
of the thrust against either abutment tor each portion of the load. 
The lower flange should not be continued across the crown of tJte 
nrch, for if it were, the stnuna in every part would bo unccrtaiji, 
since the cciitml bay of this flange wouhl be subject to t«tiaile 
struina of indi'tinire amount, varying with the IoluI und temiwmture. 
and modifying therefore to an unknown extent the hortzoulal 
reaction of the abulmcnU. To iUustnue thie, Ut us ftuppo»e f or it, 
moment tliut the reaction of the ubuUncnts is replaced by i 
wi; then have three unknown horizontal forc«s, vlx., outniiK 
the top fliini;p, fcnsi-.m in the linvcrflaiiL'i' m ihi- 
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iti lIic tic-bur; alsu three kauwii vertiual forces, viz., the weight 
and tlic vertical reactiun uf ciich abutment. Now it ui evideDt 
tbnt we uannut Jetenuine the three uuknowti t'orcod by the 
metbtiU (■!' momenta from the«e cl»ta, and we must therefore get 
rid of the difficulty by euppoaing the lower flange iliacontinued at 
the crown, which indeed in not far from the Uriitb in j)ractice, tor 
the two flanged generally merge into one, and the Ichs in depth id 
the lino of juoction of the two scmi-arches, i.e., tlio depth of the 
arch at the crown, the nearer will the following theory and practice 
agree. 

Let us now conai<ler the effect of a single weight Wg. The left 
eemi^orch is Hubjectctl to two forces only, viz., tlie pressure of the 
other BCird-tircli nt tliB crown and the reaction of the left abutment 
ul a. Since e<iuilibriuui exists these forces are equal and opjHtsitc; 
consequently the reaction of the left abutment acts iu tlie direction 
aW^. Again, the whole arch is balaiict^d by the weight Wg and 
the reactions of the abutmeuts. The weight and the reaction of 
lh« left nhutn)ent iutersect at h, consequently that of the right 
abutment [wases through the same point (o)- Kesolving W^ in the 
tlirections lia und be we obtain these relictions, and once they are 
known, we can work from the abutments towards the weight by 
the resolution of forces and thus find the strains produced by W( 
throughout the arch. Performing similar ojicrationa for each weight 
and tabulating the results, we can obtain the maximum struins of 
each kind producedinevery part of the structure. Those produced in 
the arch represented in Fig. 73, by weights of 10 tons at each apex 
are giveu in the following table. I'he arch is 80 feet in span with 
a rise or versine of 15 feet, and the depth measured from the spring- 
ing to the upi>er flange is LO feet, The upper flange is divided tnto 
8 equal bays, and the brucingcoiiBistsof a series of iuoticclcs triangles 
of wliich these bays form the buses. 
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w, 


w. 


w. 


w. 


w, 


w, f'STic^l S. 






, Tout 1 TuQi. , Ton.. 


T»a.. , Tu^ 1 Tun. 


Tom. !i Tons. 


Tool. Tou. 






! +3-2 + 6.4+ 9-G '+12-7 


- 0-e - 6-4 


- 3-2 ' + 12-7 


+ 31-9 _19i 






-SK.I-...I 5.. 


- 8-0 


+ CO '+ *-o 


+ 2-0 j- S-. 


+ 12-0 - 20-0 






+ 1-5 + 8-0+ 4-i 


+ 6-9 


+ 14-5 - 3-0 


- 1-6 f 24-9 


+ 29-4- 4-6 


1 




_o-o;_ o-ij_ 0-a 


- 0-3 


-97+0-1 


+ 0-071 - 10-2 


+ 0-2-10-4 




+ 0'l}li 


+ 0-1;+ 0-1B+ 0-a 


+ 7'1 +13-9 


- 9-05 +21-4 


+ 21-6-- 0-1 


n 




+ 0-7 


+ 1-4+ 2-1 


+ 3-7 


- 82 - 8-9 


- 0-7 |- 6-9 


+ 6-9-12-8 






-0-6 


- I'a.- 1-8 


- 2-a 


+ 2-7 + 7-5 


+ 12-3 ii+ic-e 


+ 22-5- 5-B 






+ 0-8 


+ 1-6+ a-i 


+ a-1 


- 0-6 - 4-4 


- 8^. - 6 1 


+ 7-9- 13-0 






-0-7 


- 1-4 _ 8-1 


- 2-8 


- 0-4 + 3-6 


+ G<8 + 3-0 


+ 10-4 


- 7-4 




A 


+ 2-0 + *-0 


+ e-0 


+ 8-1 


+ 84-0 i+I6-0 ;+ 8-0 !'+68-l 


+ 68-1 






B 


-M 


-2-2 


- 3-S 


- 4-4 


+ 17'1 .+ 22-4 


+ 11-2 


+ 89-7 


+ 50-7 


-11-0 




C 


-1-2 


- 3-4 


-3* 


- 4-7 


+ 3-8 ^+ 12-6 


+ 11-3 


+ 16-8 


+ 27-7 


-11-9 


g 


D 


-0-4 


- 0-8 


- 1-2 - 17 


+ 0-3 


+ 2-3 


+ 4-2 


+ 2-7 


+ 6-8 


- 41 


1 


E 


+ 4-8 


+ 8-7j+14-6 1+19 3 


-14-6 


- 9-7 


- 4-8 +19-3 


+ 48-S 


-29-0 




F 


+ B-S +«■€!+ 18-9 


+ 26-2 


+ ea 


-13-6 


- 6-8 


+ 80-4 


+ 89-8 


-18-9 




d 


+ 6-0 +1J-0 + 18-U 


+ 23-9 


+ 1B9 


+ .-S 


- 0-0 


+ 71-7 


+ 77-7 


- 8-0 




H 


+ 6-3 1+ 10-7 + 16-0 


+ 21-4 +18-0 


+ 10-7 


+ i-3 


+ 8S'4 


+ 8t-4 





•IS. Strabw Im the braced arek IomIc« •youMtrtaaOlj 
racMUc tksBc la the ■cml-juYh. — On examining this table il 
will be observed that the strum produced in the right semi-arch 
by Wp W,, and W, are sub-multiples of those produced by W^ ; 
tfaie arises from the circumatance, that the reactions of the righl 
abutment from the wights on the left semi-arch act all in the 
same directba, viz., cW^, and are proportional to the cUstance 
of each weight from the left abutment. Hence, having calculated 
the strains produced by W^, we can deduce thence the etnuiu 
produced by the three other weights. On comparing this table 
with that in MNf, we find that the struns produced by a sym* 
metric load in the diagonals and lower flange of the braced 
arch and semi-ai'ch aro identical. If the weight uf the structure 
l>c small compared with that of the moving Inad. some of the 
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bays amy eustaiD ten^e straiua. These are tlii; end bays of the 
upper flange and the ceDtinl bays of the lower fliuige. 

*I9. rial nrch or arch with hnriaontal Oaitirt^.— If the 

mdiud of the lower flange be infinite both flanged will be horizontal, 
and this flat arch will resemble ^rders of the ordiiiury form, Fig. 
56, but with their lower flanges sevi^d ut ihe centre so as to exert 
a latent! thrust agiuiist the abutments. When tlte load is uniform thia 
tjirust will equal the central compression in the upper flungu. 
This modiflcation of Ihe braced ariih possesses some qualities which 
luerit our attentive conwdcration. In the first place the quantity 
of material required for its lower flange, is less than in girtlers of 
the usual form, for the increments of stniin increase as they ap- 
proach the abutments, and it is therefore more economical to convey 
them/roirt than towai-da the centre; and again, the heavier parts of 
the lower flauge are near the abutments in place of the centre, 
wliioh is II matter of some importance in very large girders whose 
own weight forms a large proportion of the total load. 

•to. Hisid uss^BsloB bridire. — When inverted, the braced 
arch becomes a rigid suspension bridge. Other modifications might 
be suggested, such as Fig. 70 inverted with a horizontal roadway 
suspended beneath. The railway bridge over the Donau Canal in 
Vienna, 83-44 metres long, is constructed on this latter system 
Tliere are two sm^peusion chiuna on each side formed of flat links, and 
equi-distoiit one above the other with bramg between ; a trussed 
plattorm for the rails is suspended beneath by vertical rods in the 
usual manner. The chains being eqni-distant and therefore hung 
from four points, there must be an ambiguity in the strains ad 
already explained in SIO. 

mi. Tiinaralar tJIrdrr. — If the lower flange of the braced 
arcli be formed of two strujglit bars meeting at the centre like 
the letter A, so that the arch becomes two braced triangles, the 
calculations as well as the construction will be much sJwpMcd, 
especially where multiple systems of bracing arc employed. The 
chief objection to thin arrangement is tlic inelegance of its outline, 
which, however, will be an immaterial objection in laany situiOioi 
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na. C«j**-lruu arcbv«. — The spaiidrilft of uut-iron 
fre^uenlty coDsiet of vertical or raiJiul tttruta witiiuut ouy |] 
brs^^g whatever. This fonn of arch reaemblea the i 
BUBpensioD britlge inverted ; and since the epaodriU do tiot h 
the flanged together so a« to cluinge their t.ranavcrsc into longin 
dliul BlRUDS, but rueeuihle in thetr actiuu the rungs of a I 
[tluced u» itd side, it la neotaaary tu uiake the lluiigus euflicicatf 
deep tu act sui girders aud suotain tlie tranaven«e ntniiii wlivii I 
inoviug load causes the line of thrust to pass outdide t)ie o 
flntige (-19). Uiilesd very raas^ive, arches with vcrticle Bpandrd 
may bo expected to be more subject to ribration and deflection tl 
tho:ic with bniccd gjwudnls. 

CASE VI- — THE U1:AC1CU TKtAXGLK. 




SM. SMltnblr ftor roofli and llmbrr brtdv«*. — Vu 

modifications of this class of trussed girder iire used for ruof pri 
cipols, for which it is well adnptcd when the roofing matfinal is bU 
The strains may be calculated on the principle already explainei 
viz., that of Hulling the reactions of Iliu abutments and work 
thence towards the centre by the resolution of force*. The I 
triangle, whether erect or inverted, is suitable for bridges, csm 
in colonies where timber abounds and labour is iicarcv. 
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CHAPTER IX 

DEFLECTION. 

Class 1. — Girdert wkoM tection* are proporlionf.il *o iw to produce 

uniform ttiytiath. 

SM. Clrdprs of DBin>rni Nlrrnvtb — DrflrclioB curve 
«lr«Btai-. — The equatione generally used lor calculating the deflec- 
tione of loaded girders are based on Uie assumption that the section 
of the girder is unifomi throughout its entire length, that is, that 
there is the same amount of material at the centre as at the ends. 
In scientiBcally contitructcd girders, however, this is not the case. 
Each part is dulj proiKirtioned to the maximum Htnun which can 
paas through it, so that no material is wasted ; and when this occurs 
in a girder with horizontal flanges and a uniformly distributed 
load, that is, the load which produces the maximum strain in the 
flanges, llieoe latter will, as has been already shown (41), taper 
from the centre, where their section is greatest, towards the enda 
as the ordinatea of a parabola. The girder is then said to be of 
uniform strength, because the unit-strain in each jiange ts uniform 
throughout the whole length of the flange and no part has an 
excess of material or is unduly strained beyond the rest (19). Now, 
as the contraction and elongation are according to Uookc'a law 
proportional to the unit-strain (J), the contraction per running foot of 
the upper flange will be uniform throughout its length, and the 
extension per running foot of the lower flange will likewise be 
uniform throughout its lengtli; and this uniform contraction and 
elongation must produce a circular deflection, since the circle is 
the only curve that is due to a uniform cause. 

At first sight it may be thought that the continuous web of the 
plate girder, or the braced web of the lattice girder, will seriously 
affect the amount of the deflection curve; but it can be readily 
shown by carefully constructed diagrams, in which the alterations 
of lengtlMJue to the load are drawn to a highly exaggerated scale, 
that tlwi construcfion of the web has scarcely any influence on the 
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curvature so long na the iimt-stmlDS in the flanges nre uniilMrKl j 
amount by the method of construction, and it ia only when thU 1 
the case that a fiur comparison can be instituted between tbe tvri 
girders. 

Fig. 1, Plate I, represent* one-half of a din^n&Uy bneed gird 
of the simplest form, namely, a girder with one Byetein ortriangld 
before the load resla upon it. Every part is then in tta oon 
titatff, ftnd the girder will he boriKontnl. Now suppose lint 1 
uniform load deflects it and shortens each hay of the top or ( 
prcssion flnnge by a certnin quantity, while it lengthens each bay d 
the lower or tension flange to a similar extent; and further, let i 
suppose that the diagonals are alternately shortened und lengtli«i 
by e*iual amounts according as they are struts or ties. Fig. 2 i 
represents the ginler; the deflection curve forms a segment ofl 
circle whose centre Is at A, a little to the left of the vertical li^ 
drawn through the middle of the girder. Next, suppose that I 
flanges are comprej<sed and extended as in Fig. i, but that tU 
diagonals remain of their original length as in ¥ig. 1, tlint ts, t 
their length is not aflected by the load. Fig. 3 is the result, whid 
it will be perceived, is circular and differs but slightly from Fig. ] 
having its centre, however, at B in the vertical line drawn thn 
the -middle of the girder. 

It may at first seem strange that A, the centre of Pig. 2, u t 
in the vertical line passing through the middle of the girder, 
is due to the circumstance that, with a uniform load, the two ce 
diagonals rf, rf', are subject to the same strain, cither both lengthet 
or both shortened, while all the other diagonals arc alternate!^ 
lengthened and shortened. Hence a very slight angle is produced 
at the centre, as shown in Fig. 4, where the flanges are nnaltcred 
as in Fig. 1, while the diagonals are alternately lengthened ■ 
shortened as in Fig. 2. Considering, however, the exaggerate 
scale of the diagrams. Fig. 4 is practically horizontal when comp) 
with Figs, i or 3, and the chief effect of this common change hi 
the length of the two central diagonals ia to throw the centre < 
each half of the girder in Fig. 2 n little to ihi: right or ]«fl of t 
middle line. These diagrams give very interesting result*; 
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•how tliut l}ie curvature of Banged girdeni \a practically tntlependcnt 
of ctiftnge of font! in the web and aInioHt entirely due to the 
flhorlening of the upper, and the elongation of the lower, flnnge; 
&nc) B further inference may bo derived from them, viz.. that 
deflection is pmctically unaffected hy the nature of the weh, 
wliether it be formed of plates or lattice bars, so long as the 
unit-strains in the flanges are not increased or diminiohed by a 
different fonnation of web. Consequently, if there be two girders 
of equal length and depth, one a lattice, tlie other a plate girder, < 
having the same unit-strains transmitted throughout their respective ' 
Ranges, they will both deflect to the same extent. 

»S. rormnia fbr (he deOcvtlOB of rlrrnlar vurwvm, — The 
circn III stance of the c.ur^'e of a loaded girder of uniform strength 
being circular enables us to find a very simple equation for cttlculattng 
its deflection. 

Let adhfffh, Fig. 75, represent a girder supported at both ends 
and of nniform strength for the load, which generally occurs when 
the load is uniformly distributed. 

Fig. 7S. 




Let / = adb = the length of the girder, 
rf = </< = ihe depth, 
R =»i/= the radius of curvature, 
X s ffeh — adb =: the difference in length of the flnnges after 

deflection, 
D = c<l= the central deflection. 
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Since the deflection is very small compared with the radius of 
curvature, we may a«same g/'s a/= R, and ah = adb t= I; then 
(Euclid, prop. 35, book iii.). 

By dnular triangles, R — — 



whence by substitution, n — ^ 



(130) 



in which the ralue of >. is known, as it depends on the coefficuents 
of elasucity of the flanges and the strains to which they are subject. 
This equation for the deflection curve confirms the previous inves- 
tigation, for the depth d is the only quantity in the equation 
which can be affected by a change in the length of the diagonals, 
and it is obvious that a slight change in the value of d will not 
affect that of D to any appredable extent 

Class 2. — Girden whote tectum U uniform ihrmi^hout their length. 
was. Let W = the w^ht, 

M = the moment of rupture of any given cross section 
of the girder («8), 

X = the horizontal cUstanoe of the section from the 
left abutment, 

if = the vertical distance of any fibre in the section, 
«ther above or below the neutral axis, 

/3 = the breadth of the section at the distance y from 
the neutral axis, and oonsequenUy a variable, 
except in the case of rectangular sections. 

/= the horizontal unit-strain exerted by fibres in the 
^ven section at a distance e from its neutral axis, 

I = the moment of inertia of any croes section round 
its neutral axis, and consequently a constant 
quantity throughout the whole length of the 
girder when the latter is of uniform section, 

R = the radius of curvature. 

E = the coefiicient of elasticitv. 
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It tiiui alrendy been t>liown (eq, 42) that M, tJic moment of the 
borizontnl cWtio forcca of nnj ci-oee section round its neutral axis, 
may I)o exprc-aseil by the equation 

When tlie ^rder U of umform section throughout Its length, th« 
int<>gnil \ ^^'<i<lr It^n;; a definite integral, will he n constant 
throughout the girder, and as it happens to express the moment 
of inertia of the cross section round its ueiitral axis (ej), wc may 
substitute for this integral the symbol I, when we have 

fA=^-\ (131) 

In order to tmnsform this equation into one involving the co- 
ordinates ot the deflection curve we must substitute for the three 
variables, M, / and i\ their values in terms of the coordinates x 
and y. Lot us first deal with / and r. 




Fig, 7G represents a dctJcctfd seini-ginlcr, tvliose neutral aurfiiee 
iaNS. 

Let ab = a unit of length, 

S and i' = the increment snd decrement in length of a 
linear unit of the extreme fibres after deflection. 
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If the law of elasticity (») hold good, we have the following 
relation, 

/_E 

Subatitutang this in eq. 131, we have the moment of rupture 

M = |l (132) 

From the prindplea of the differential calculus we know that, where 
the deflection is small compared with the length of the curve, 

whence, by Bubstitution in eq. 132, we have 

M= — Elg (133) 

in which M is a positive or negative moment according as the upper 
flange is in compresaon or tenBion, y being measured downwards. 
This equation expresses the moment of the horizontal elastic forces, 
the moment of rupture (SS), at any section of a girder in terms of 
the ordinatea of the deflection curve, the coefficient of elaatiaty, and 
the moment of inertia of the croas section round its neutral axis. 
In order to solve eq. 133, there still remains before integration to 
substitute for the variable M its value in terms of the ordinatee of 
the deflection curve, which may be derived from the leverage of 
the weight, observing that the moments of forces are to be token as 
positive or negative according as they tend to compress or extend 
the upper flange. To effect this substitution we must consider 
each case separately, and after integration the value of I, which is 
a different constant for each form of section, may be obtuned by 
multiplying the values of M, already determincfl in (90) and the 
succeeding articles, by -, (cq. 131). 
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CASE I.— SEMI-GIRDERS OF UNIFORM SECTION LOADED AT THE 

EXTREMITY. 

••9. Let W = the load at the extremity, 

/ = the length of the semi-girder, 

.r = the abscissa of the deflection curve measured 

from the fixed end, 

V = the ordinate of the deflection curve measured 

downwards, 

D = the deflection at the extremity, 

M = the moment of the horizontal elastic forces at 

any given section, whose distance from the 

fixed ends = x (58), 

I = the moment of inertia of any cross section, 

E = the coefficient of elasticity. 

Taking moments round the neutral axis of the given section, we 

have 

M=z— W(/ — a?) 

Substituting this in eq. 133, we have 

E'ft = W(/-ar) 
Integrating, 

The constant = 0, for when ^ =: 0, ^ also = 0, since the tangent 

of the curve is horizontal at the fixed end. Integrating again, and 
determining that the new constant = from the consideration that 
y = when j? = 0, we have 

Ely = w(^-^) (134) 

This is the equation of the deflection curve, y being the deflection 
at any point whose distance from the fixed end equals .r. 
At the extremity where x ^l,y =0, and we have 

EID=:W| 

whence n _ ^^ /i«x 

D_^rwy (136) 
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•SS. SelM rrctaagnlnr ReaiHrirdrrft. — Let /' = the breadth 

mid d = the depth. From eqs. 45, 131, and 135, 
4WP 



= 1 



16^ (136) 

Comparing eqs. 45 and 46, we find that the deflection of square 
girders is the same whether the diagonal or one side be vertical. 
Their strength however is not the same (84). 

Ex. The pioc« of Memel timbar deicribeJ ia Ex. 1 (M), deflsoted 0-60 inch from 
ft lo«l of 3S8 Ibfc bnng ftt its eitromity ; whmt is the v«lu8 of E I 
BeiT. W = 33flll«. 

I = 24 Inches 
b = \-9i inche*. 
d = 2 inchcK, 
D = 0-66 meh. 

:lW^ = l,gO0,O001b«. 
0W» 



■r (eq. ISfl). 



990.' Solid roaad M«l-slrdcrK.- 

cqs. 47, 131, and 135, 

D 



-Lot r = the radius. From 



(137) 



4Wf 
"3Ejrr* 
•SO. ■•Ilow roond srail-vlrden or ■ 

Jjet ( = the thickness of the tube, supposed small in proportion to 
its mdius T. From eqs. 49, 131, and 135, 
WP 



D=^ 



(138) 



•ai. SenHdrdeni with parallel aaaB«s- — Let A = a, + a, 

= the sum of the areas of the two flanges, and let rf = the depth of 
the web. When the wch is formed of bracing, or if continuous, la 
yet BO thin that wc may safely neglect the support it gives the 
flanges (»6), we have from eqs. 54, 131, and 135, 

When the web is taken into account and the flanges are of equal 
area, 

let a = the area of cither flange, 
a' = the area of the web. 
From eqs. 56, 131, and 135, 

4WP 



D = 



E^i" + ^'W 



(140) 
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MS. i^iaare talies of snUbrBi thickness^ with the sides 
or one dlaffonal Tertlcal. — From eqs. 58, 131, and 135, 

D = _iW^-_ (Ul) 

m 

where b and 6i are the external and internal breadths. 

If the thickness of the tube be small compared with the breadth, 
we have from eqs. 59, .131, and 135, 

in v'hich t represents the thickness of one side. 



CASE II. — SEMI-GIRDERS OF UNIFORM SECTION LOADED 

UNIFORMLY. 

MS. Let I = the length of the semi-girder, 

X = the abscissa of the deflection curve measured from 

the fixed end, 
y = the ordinate of the deflection curve measured 

downwards, 
to = the load per unit of length, 
\N = wl zz the whole load, 
D = the deflection at the extremity, 
M = the moment of the horizontal elastic foixx^s at any 
given section, whose distance from the fixed cud 
= a: (58), 
E = the coefficient of elasticity. 
Taking moments round the neutral axis of the given section we 
have 

M = -|(Z — j:)» 
Substituting this in eq. 133, we have, 

Integrating, 

El $? = —^(/ — ^)»-f const. 



■■'i'K 
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li'U wl^ 

When »r = 0, ."^ = also; hence the constant equals -^ • Substi- 
tuting this value and integrating again, 

El3^=i^(/-xV+ 'i^ + const. 

Determining the second constant by the consideration that ^ = 
when jr = 0, we have 

At the extremity where ^r = /, y = D, and we have 

•S4. Deflection of a send-i^lrder loaded anUbraiily eqnaUi 
ihree-eishths of Its defleetlon with the same load eoacea- 

trated at its extremity. — Comparing eqs. 143 and 135, we see 
that the deflection of a semi-girder loaded uniformly is to its deflec- 
tion with the same load concentrated at the extremity as |. Hence, 
to obtain the deflections of the various classes of semi-orders in the 
case of a uniform load, we have merely to multiply the formulas in 
the preceding case by |, recollecting that W will now represent the 
uniform load. 

CASE III.— GIRDEBS OF UNIFORM SECTION SUPPORTED AT BOTH 

ENDS AND LOADED AT THE CENTRE. 

835. Let I z= the length of the girder, 

.V = the abscissa of the deflection curve measured 

from the left end of the girder, 
1/ = the ordinate of the deflection curve measured 
downwards, 
W = the load at the centre, 
D = the deflection at the centre, 
M = the moment of the horizontal elastic forces at 
any given section whose distance from the left 
end = X (5§\ 
E = the coefficient of elasticity. 
Taking moments round the neutral axis of the given section, we 
have |U| __ Wo: 



CHAP. IX.] DKFLKCTIUN. 151 

Substitutiug this in cq. 133, we have 

de* ~ 2 

Integrating, 

Elf = - ^*' + const. 
ax 4 

To determine the constant we must recollect that tlie tangent of 

the curve is horizontal at the centre; hence -^ = when ^r = ^> 

da 2 

and the constant = -y^ ; substituting this, 

^'£=?(^") 

Int^rating agtun, and observing that the second constant = 
firom the consideration that y = when j; = 0, we have 

which is the equation of the deflection cucve. 
At the centre where x = -, y = D, and we have 

D = ^ (144) 

MO. Solid rcetaasaUir (Irdcn. — From eqs. 45, 131, and 
144, 

in which b and d represent the breadth and depth of the girder. 

Ex. From the mean of five experimenti made by Mr. HodgkinBon on Blaenavon 
ca8t iron, No. 2, (lee Clark on the Tubular BridgeM, p. 441,) it appears that the 
breaking weight and ultimate deflection of a bar 18 feet 6 inches between points of 
support, 3 inches wide and 14 inch deep, are respectively 819 lbs. and 10*46 inches; 
what is the value of the coefficient of elasticity at the limit of rupture ? 

Here, W » 819 lbs. 
I = 18*5 feet, 
6 = 8 inches, 
<i = 1*5 inches, 
D = 10*46 inches. 

An,. («,.U5). E = .g;;; -. ^ g».^^<l|y<^^.^ = 8.200.000 Ib. per«,»««, i„cl.. 
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. — From eqs. 47, 131, and 144, 



(146) 



in which r represents the radiue. 

M8. MoUew r»«nd slrdcra vf onMlDnn thlcknmi. — From 
eqs. 49, 131, and 144, 

in which I repreaenta the thickness of the tube, supposed small in 
proportion to its radius r. 

M9. Cilrder* wHh parallel flaaircs. — When the vertical web 
is formed of bracing, or if continuous, yet so thin that it aSbrds 
but slight assistance to the flanges in sustaining horizontal struns, 
its stifiaess as an independent girder may be neglected, and we have 
from eqs. 54, 131, and 144, 



D = 



WW 



(148) 
IS of the top and bottom 



" 48Ea,<T,rf' 
in which A = a, + «i = the sum of the art 
flanges, and H = the depth of the weh. 

When the weh is taken into account, and the flanges are of equal 
area, from eqs. 56, 131, and 144, 



W? 



(149) 



4E(6a + a')rf* 
in which a = the area of one flange and a' = that of the web. 

S40. The deflections of girders of other forms of eection may be 
obtained in a similar manner from eqs. 131 and 144 by substi- 
tuting for M the corresponding values given in Chap. IV. 
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CASE IV. — GIRDERS OF UNIFORM SECTION SUPPORTED AT BOTH 

ENDS AND LOADED UNIFORMLY. 

t41. Let I zz the length of the girder, 
w = the load per linear unit, 
W = tr/ = the whole load, 
X = the abscissa of the deflection curve measured from 

the left end of the girder, 
y = the ordinate of the deflection curve measured 

downwards, 
D = the deflection at the centre, 
M = the moment of the horizontal elastic forces at any 
given section whose distance from the left end 
= X (d8), 
E = the coefficient of elasticity. 
Taking moments round the neutral axis of the given section, we 
have 1^1 to .J „. 

Substituting this in eq. 133, we have 

Elg = -f(^-^') (150) 

Integrating, 

^'I=-|(t-f)+»- 

When ;» = ^, -^^ = 0, and the constant becomes -^ ; substituting 
this, Pl^i^ — !?/?^ /j?' I P \ 

Integrating agwi, and observing that the second constant = 
from the consideration that y = when or = 0, 

which is the equation of the deflection curve. 

At the centre where or = -^, y = D, and we have 

-_ -owl* _5WP 

° - 384 El - 384"ei '^-^'^ 
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949. C'CBtral dcflccMon ofa slrtfer loaded BBUbmly cqaab 
■vr-clKlXb* oTIlii dcflcclion wUh Itae «aine load couccalnUcd 
at (be ceativ. — CompariDg eqa. 151 and 144 we find that the 
centml dutl(3Ctioii of u girder loaded uniformly is |tlii» of the 
deflection if the »aiiic loiul were conccntnitcd at the centre. 

IMS. Solid rectangvlar t>nie>«-— Fro™ cqe. 45, 131, and 
151, 

where li and </ reprcecnt the breadth und depth of the girder. 

Coui])aring eqa. 45 and 46, we find that tlie deflection of solid 
square girders is the sinic, whether one aide or the diagonal be 
vertical. The funner, however, is 1*414 times stronger than the 
latter (N-l). 

•44. Solid rooBd (Irdera.— Fruni etis. 47, 131, and 15i. 

where r represents the nulius of tlie cylinder. 

945. Hollow roud (Irdrrs off ■alAna thlckaewk — From 
eqs. 4't, 131, and 151, 

- 384E7r»»( ~ 384Eff^''/ ^^^' 

where )* = the radius, and t = the thicknesa of the tube, au]iposed 
amall in comparison with tlic radius. 

946. tiilrder* « llh parallH flaBscs. — When the web ia formed 
of bracing, or if continuous, yet so thin that its strength aa an 
independent girder may be neglected (30), we have from eqa. 54, 
131, and 151, 

bAici' _ 5AW/' 
" - 3a4E<T,«,rf' ~ 384E«,V ^ ^ 

where A = ((, + "a = ^hc sum of the areiu uf top and bottom 
Hangcs, and d = tlie depth of the web. 

If the web be taken into account and if the flanges have equal 
lux-iifi, from cqs. 51), 131, and 151, 

.5,,/' _ 5WC 



ME(B.. + ..■)./• 32E(il.i + «>(' 
: Ihc iiRii of line lliinfii. and "' = Ihiit nl' lln: wi-li. 



(loll) 




iJONTIHUOtJi* niltUEItS 



CHAPTER X 



VONTtNUOlII^ UIKnEUei. 



S-13. CoBtlnnUjr — Contrnry Oezan; — l*«lii(« of Inflexion. — 

A (prder is siiid to be conlinuous when it overlmnga it^ l>curiiiga, or 
id sub-divided into more than one span by one or more int«riHcdi»tc 
poinU of aiipport. 

When a loaded girder is balanced on u siu(j;le (iier at or near iu 
centre, like the beam ot* a pair of scales, the upper flanj^e id aubjevt 
lo tension, the lower one to compresuou, and the ^(ler becomeo 
ourred with the convex flange uppermost. If, however, the same 
^rdcr be aupportcd at its extrcmitiua, the pier being removed, the 
stnuDS in the fliuiges are reversed, the upper Uange being now 
compressed tuid the lower one extended, luid in this cnse the 
convex thuigc is uudenieath. If, while Iu this Utter position, wc 
reploue the central pier so as to form two spans, the girder becuuiee 
continuous and partakes of the nature of both the independent 
girders. Each flange is in part extended, iu part cuniprcHsed, and 
the curve becomes a waved line, Let Fig. 77 represent u oon- 
tinuons girder of two spans uuilbrmly loaded 




The ueutral ^cgiueul BB' i-esembles tlie independent girder in 
the flrst cose, namely, when balanced over a pier; the extreme 
(Wgmeuts, AB, B'A', reacmlile it iu the second case, eince one end 
uf each rest* upim an abotmcnt and the other end is supported l»y 
tiw cttntml ecgmeut, whicli thus Bustaiue liesidea its own proper 
IomI Ml ndditional weight suspended from each extremity, e<|ual 
to tlic Imtf loAi) on muh of the end ftognicnts. 
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The pointe B, B', where the curratnre alters iu directiott, r 
called the ptdnU of contrary fitxurt, or more briefly, the p<Hxd» ol 
infiexian. Tlic uur^'cs of the end ami central eegmeatd hsv< 
coniuiun tangents at tliesc points, and hcru the elmins m I 
fliingca change from tension to cotnpres^uii, and 
Kxactly at these ]]oints the etraina in the flanges ant ciphera 
consequently the flanges might be severed tlicre without alterinj 
the conditions of equilibrium in any respect. In fact, a contiiiUDU^ 
girder may be regnrded as formed of independent girders connec 
merely by chains at the \mxi\& of inflexion. In braced girders t 
bracing acts as the chain, in others Utc continuous web. 

S4S. Pasainf loail. — For the investigation of the straioD in KOOIM 
tiouous girder it is ncceseaiy — first, \x> find the points ofin&exioik 
and iit^erwards to calculate the strains in the sepai'ate scgmunla fl 
the ]>rincipleB already laid down for independent girders. A p 
load complicates the question, I'or its eflect is to alter the position a 
the poinb) of inflexion, nnd consequently the lengths of tlie componeofl 
segments; if, for instance, a passing tmin coven ihc lefl epoot ii 
deflection will be increased and that of the right ^pan dimini«hcdJ 
or even altogether removed, if the passing toad be siifticicntlyf^ 
heavy to lift tlie right end ofl" the abutment A'. The effeci i 
tins partial loading on the points of inflexion wiU bo to bring I 
nearer to, and remove B' farther from, the central pier, and ttufl ifl 
that disposition of the load which gives the greatest length to i. 
segment AB; it is necessary therefore in the case of a | 
load to find this new position of the points of infleuoo \ 
calculate the etnuns in A B as on independent girder of i 
maximuui length. Of coui-se the ttamc calculatione will suit B'Af 
when it is of maximum lengUi, that iii, when the right i 
only ia loitdcd. The cenu-ol sogiaent, BB', becx>uie» of moximuifl 
length when the load is uniformly distributed over the ' 
girder, and tlie points of inflexion liave to bo dctermiitcd uodei 
tliia condition of the load also. Having thus calcuUled i 
strength of each [tart when subject to the load wliicli produoea tliq 
rouxiniuin strain in the flanges of that [tart, we may a 
there is sufficient strength for any other disposition irf tbe Im 
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since the motion of Uie poinU of inflexion 1» restricteJ within 
thcec limits. The reaction of cither abutment i» equal to half 
the load on the adjacent segment; thus the reaction of the loft 
abutment equals half the loa<Jt resting upon AB. The reaction of 
the pier equals the loml resting upon the central segment, B B', plus 
the sum of the reacliona of the two abutments. 

•■19. ExpcrlMenlMl imelbod of nodlDir the palnCs of In- 
■rtlon.— -The following method of finding the points of infleAion 
depends purt.Iy on theory, portly on experiment, and is Applicable 
to continuous girders containing any nmubcr of spans. Take 
a long rod of clean yellow pine or other suitable material 
to represent the continuous girder, and let it be eupported at 
intervals corresponding to the spans of the real girder. Next, load 
thia model uniformly all over, or each span separately, or in pairs, or 
make any other disposition of the load which can occur in practice. 
Now it is clear that, if the model and its load be a tolerably 
accurate representation of the girder and it^ load, the points of 
inflexion of the former will correspond with those of the latter; 
they migltt therefore be at once obtained by projecting the curvee 
of the model on a vertical plane. It is difficult, however, to do 
this BO oa to determine the points of inflexion with the requisite 
aocunicy, for the exact place where the curvature alters is never 
very precisely defined to the eye. The pressures on the points of 
supjiort may, however, be measured with considerable accuracy, 
talcing the precaution of keeping them all in the same horizontal 
line, aa a slight error in tlieir level would seriously affect the 
curvature and lengths of the component segments. We shall 
assume therefore that the reactions of (he points of support have 
lieen thus fmiml cxiwrimentally.' 

Let Fig. 78 represent a continuoua girder containing any number 
ors]iati8, CAcli loaded uniformly, and let 0,0,0, ^., represent successive 
points of inflexion, the int^rviils l>ctween which are called segments. 



rad lutiied npndo ilmva «■ wdII 



tnnawrr tlm pfwanrui on tli« piiinl* iir iiii|iport ■ith tbi 
M unei, aoi than Mba thi dipmi maMBnnMnt M tha 
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Ijpt Ri, R,. R,. Av. = tlie renctiona of the suoce«ivc point? 
flui'port RB found by exprrimcnt, 
/, f, &c. = the ieHjitlw of lUc swccemrr Bjinns, 
uf. Iff', Ac. = llic lonila per lincfil tinit on caoli «pn 
n. A, r = il)C Icngtliit orci-rtiitn [inrt* of Uic gini 
lu rcpreaenteil in the ligiirc, 
Q = the centre of th« thinl segmonl. 
Hi, tJie renction of tlic left nbutmcnt, » »|ual to half the lowl 
o first segment a, whence R, = '^_, Witl 
_2R. 



(IS7| 

This equation gives the tltHtunnc of tlie flrBl poinl ofinllttio 
from the left nbutment, Mnoe R, in known fn)m expennivnl. 

R,, the reflction of the fir^it pier, is cqnnl to thv louil renting (i 
tlic girder tu far as Q minus tlie reaction of the firat abntmentj 
tliiit is, R, = ir! + w'h — R,. whenee 

,, = R.+_H.-:W (i53| 

Again, taking moments round rither f1iui{;e ot Q. which is n 
known point, we have 

F./= R,(; + /,)+ R/_,r//^ + '')-"'2- 

in which F = the strain in either flange at Q. and ^ = the d 
of llie girder ; but from eq, 26 we have 



c being tlic length of the third segment as marked ii 
vuhstituttng this value of Td and arranging, we have 



the f 



= \/»{R,,) + «+R,*-,,(f^ + t)_«*} 
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The itiatatice of the acuond point of inftcxion from tho first pier 
= 1' — 5, and so nti. It will he ohservett that the depth of the 

girder docs not enter into these equations And therefore does not 
affect the position of the points of inflexion, 

SAO. Praellntl melbod of flvinc f br pointii of inarxion — 
RroDOtnical popttlnu of polnlH or Inllexlnn. — I shall here hrietly 
describe a method l>y which the poinU of inflexion of braced girders 
may ho fixed in any particulur bfty at will, so that there rosy he no 
nncertointy respecting their poeition, or bo thai they may. if 
desirable, be made to assume thai position which is moat advan- 
tageous for economy in the fluitgeu. 



BIBl^SSBiSISSlSBI^ 



Let Fig. 7'.' represent a continiions lattice giiiicr capable of free 
horizontal motion on the points of supjKirt. Suppose that the point 
uf inflexion ne determined by theory is at it, but that it is desirable 
tu fix it at b, that is, to make titnt [tart of the upi)er flange wliich 
Uca between n and h subject to tension in place of compression. 
Tliis may be eflfected by severing the flange «t ft and lowering the 
end of the girder on the left abutment slightly, so ae just to separate 
the parts at h. The left segment cb will then assume the condition 
iif an independent girder supi>orted at one extremity by the abut- 
ment and at the r>ther by the oblique forces in diagonals d and e. 
The upjier flange from r ti> fi will undergo compression, from /* to 
some corresponding [wiini in llie second sjiun, tension. Further, 
ihe operation of fixing the point of inflexion in the upper flange 
determines its position in thi- lower one also, for the only horizontftl 
forces acting upon the segment rh/ are the strains in the lower 
llnngc at/and the borir.nntul component of-the slTains in diagonals 
if and f. This component must therefore be exactly equal and 
opitosife to the strain at t'. otherwise the left segment rh/ will mure 
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either to the right or left, since by hypothesis it is free to move 
horizontally on the abutment (57). Hence it is evident that the 
point of inflexion in the lower flange is not far from /, probably not 
farther than the adjoining bay. Its position is determined by the 
condition that the horizontal component of the straws in the diagonals 
intersected by a line joining the points of inflexion in the two flanges 
is equal to cipher. 

Thus by leaving any particular bay in one of the flanges of a 
continuous girder of two spans permanently severed, we have the 
point of inflexion in that span fixed under all conditions of the load ; 
and when this is determined we can find the strains in the flanges 
over the pier, and thence deduce the position of the point of 
inflexion in the second span. If the severed flange be united when 
any given load rests upon the girder, though the point of inflexion 
will move with every change of load, yet it will return to its original 
position whenever a similar load rests on the girder in the same 
position as when the flange was first severed. 

If there be three spans the central span may have both points of 
inflexion fixed independently of each other, and these agun will 
determine the corresponding points in the side spans. The operation 
is safe in practice, as was proved at the Boync Viaduct, whore the 
points of inflexion in the centre span were fixed by severance in 
those bays in which theory had previously indicated their probable 
existence. (See Appendix, Vol. II.) The most economical arrange- 
ment in theory for the flanges of a large girder of one span consist^) 
in forming points of inflexion at the quarter-spans. In this case 
the end segments of the upper flange must be held back by land 
chains as in suspension bridges, while those of the lower flange 
exert a horizontal thrust against the abutments like the flat arch 
(910). The two extreme segments of the girder thus form semi- 
girders, while the central segment is an independent girder sus- 
pended between them by the web. 

The following theoretic investigations respecting continuous 
girders are based on the assumption that the material is perfectly 
elastic, and that the girder is of uniform section throughout its 
whole length. 







I CHAT. X.] 



CONTINUOLI* UIItUKKS. 



I CASE 1. — CONTINOOU8 OIEDKIta OF TWO BQUAL SI'ANS. EACH 
LOADED UNIFORMLY TURQUOIIOUT ITS WHOLR LENOTH.* 




SAl. Vrv*i»wr^H on poiul* ut ituppon— FuiDt* or billr-Kloa — 
■»pacctlOn.-~Lt.'( i =: AB = BC ~ tin; I.-iiglli <ifi';n!i s[iiin. 
ic = the Iwml per lineal unit ol'AB, 
to' = tlie load per lineal unit of BC, 
R,. R^, Ra = the reactioiui of the three poinfa) of eupjiort 
A, B, and C, rcfspeolivcly. 
X = AA = the horizontal distance of any point P 

fi'oni tliv nbtitiiicnt A, 
y = /i P = the dcfleclion itt tliat point, 
M = the moment of the horizontal elastic liircCf 

Ht P (6»»), 
f3 = the inclination to the horizon of the tangent 

to the curve at B, 
I = the momeitt of inertia of nny cross section 
round its neutral axis, and consequently a 
constant quantity throughout the nhole 
length of the girder when the eectjon of the 
Inttcr U uniform from end to end, 
E = the coefficient of elaaticity. 
The forceo which hold the segment AP in equilibrium are the 
I reaction of the left abutment R, ; the loa-l tcr uniformly distributed 
^ over AP; the vertical shearing-strain iit P, and the horizontal 
ehutic forces at the tame place. Taking the moments of these 
foreca round the neutral axis at P, we liavc 



M = R,3' — - 



(160) 



* Sm Mt. Pnln'n pifwr an tba " Iale«Ug«tlan et general fbnnnia i^ipUfistiln to Ui* 
I TottiMi mAgo.- Prar. Inii C. K . V«l. ix^ p Wl 
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Substituting for M its value in eq. 133, 

da^ 2 * 

Integrating this, and determining the constant by the consideradon 

that -^ = ton/3 when ;r = Z, we have 

El(|-ta«/3) = |(;t«-Z»)-|(x«_/«) 

Integrating again, and determining the second constant by the 
consideration that y = when ^ = 0, we have 

El(y-xto«^) = |(|'-/»x)-5l (^-Px) (161) 

which b the equation of the deflection curve from A to B. 

At the point B, ;r = / and y = 0; substituting these values in 
eq. 161, we have 

Applying a similar process to the second span, and remembering 
that the angle |3 must in this case have a contrary sign, we have 

tonjS = ^-j^ (8 Ra — Sw'l) (163) 

Again, taking moments round B, we have 

R./-l^=R3^-^ (164) 

also 

Ri + R, + Rs = (w' + ^y (165) 

By solving these last four simultaneous equations we obtain the 
reactions of the points of support as follows : — 

R.=^V^'^ (166) 

R, = I (tp + w') I (167) 

fi^^l^l (168) 

^At the points of contrary flexure the horizontal forces become 
cipher. Hence the distance of the point of inflexion in the left pi 



I- . 
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span from A may be obtained from eq. 160 by making M = and 
substituting for R| its value in eq. 166 as follows: — 

;r = ^l = !!?ZZi^ / (169) 

Similarly, the distance of the point of inflexion in the right span 
measured from C, 

.r^ = ^ = ^^'~^/ (170) 

The deflection y in the left span may be derived from eq. 161 by 
substituting for tanfi its value in eq. 162 as follows: — « 

The value of I for each form of cross section may be obtained 
from 90 and the succeeding articles by the aid of eq. 131. 

The maximum strains in the flanges occur over the pier and half 
way between the abutments and the points of inflexion, and when 
the latter are known, may be easily determined on the principles laid 
down in the second and fourth chapters for calculating the strains 
in independent girders (see eqs. 13 and 24, or 69, 80 and 105.) .\\ 

M9. Butk mpanm loaded udfiirmly. — If both spans have the 
same load per running foot, to = to\ and we have 





R. 


= R,= 


3 ; 

8"' 




(172) 




R, 


= |w 






(173) 


The distance of each 


point i 


»f inflexion irom the 


near 


abutment, 


• 




3; 






(174) 



For an example of the application of these formulae the reader is 
referred to the description of the Torksey Bridge in the Appendix 
to Vol. II. 
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CASK II — COSTISUOUS ClKDEItM OK TUKKE :<¥MM£TRICAL 
SPASS LOADED SVMMKTllTCALLV.* 

Fif. 91, 




15S. I*m(«ur«' iin painti« nf Htippflrt— I'lilnl'* of lulIrKian— 

UrHcciian. — -Lot Q be t)i< cuntrc of tiic cenlrc c'[ian, 
* AB =: CD = / =r the teugtb of each side span, 

AQ = >./, 

If = Uie Inail per lineal unit on each side span, 
ir' = tbo load per lineal unit on the centre epui, 
R, = the reaction uf either iibuttncnt, A or D, 
Rj = the renction of cither pier, B or C, 
■T = M = the horizontal distance of nay point P from 

the abutment A, 
1/ = AP = the deflection at that point, 
M = Uiemometitot'lhe horizontal elaaticforce3alP(A9),> 
(i = tiic inclination to the horizon of a tangent to tha 

curfo at B or C, 
I = the moment of inertia of any croaa sectioti i 
ila nentnil axis, and coneeqnently a i 
quantity throughout the whole length of I 
girder when the sectton of the latter is nnifoniL. I 
E = the coefficient of eliteticity. 
It can be shown by the same process of rwiaoning aa that adoptee 
in Ul that the equation uf equilibrium for any jmiut P in tbv 
side B])an AB i^ 



M : 



(175JJ 



wh)?nce na bofure. 



"'"'^~ ^iEl^-^''^-**"'' 






n KMI uv} *»■ the ftutbor U )ndo1>t«a to V 
-of i;iril GngflnminK In ()<iMn'* CotUoH, U*lmir. 
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The equation of equilibrium for any point in the centre span is 

= R|A-+R,(^-0-u^/(^-^)-yCr-0» (177) 
Substituting for M its value in eq. 133, 

Integrating and determining the constant by the consideration that 
-^ = ten|3 when x = /, we have ^ 

+ R,/(^ — Z) (178) 

which is the equation of the deflection curve firom B to C. 

Since -^ = when a = nL we have 
ax 

ton^ = ^ I - 1 (n{n - l)«r + ^^^lo) + '-^ (R, + R,) 

-(n-l)R,} (179) 

also 

R, + R, = Z |m7 + {n — \)w'\ (180) 

From eqs. 176, 179, and 180 we obtain the reactions of the points 
of support as follows : — 

R. = ; (l-5n-1125);-(n-l)W ^igj^ 

^ _ ^ (l-5n — 0-875) «> + (»» — 2n + ly .jggv 

on — 2 

The distance of the point of inflexion in either side span from the 

abutment is obtained from eq. 175 by making M = 0. 

xzz^ (183) 

w 

The distances of the points of inflexion in the centre span from A 
are obtained from eq. 177 by making M = 0, substituting for Rj 
its value in eq. 180, and solving the resulting quadratic, as follows : — 

. = /{n±Vn«-l+5-^} (184) 

The equation for the deflection of the side spans is the mme as 
tiq 171. 
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That for the deflection at the centre of the centre span where 
X = 9i/, b obtained by integrating eq. 178 and determining the 
constant by the consideration that y = when « = / as follows: — 

Ely = ^W-3n« + 1) +'^{n-iy-^^^^P{n^-Sn+2) 

+ ?|? (n _ 1)» + E I tan^Kn — 1) (185) 

The value of I for each form of cross section may be obtained firom 
90 and the following articles by the aid of eq. 131. 

954. Three spans loaded aallbnaly. — If the girder be loaded 
uniformly throughout the three spans, w = w\ and the pressures 
on the points of support become 






125 



R, = wl\ 



(186) 



(^ 2 — 3n 



' t 3/1 — 2 ) 

The distance of the point of inflexion in each side span from the 
abutment is as before, 

n =x — » (188) 

The distances of the points of inflexion in the centre 8{)an from A 
arc 

^ = /|«+Vn«-?52| (189) 

If the radicle in eqs. 184 or 189 vanish, there will be no 
strain at Gl, and the centre span will be cambered throughout. If 
the value of R| in eqs. 181 or 186 be negative, the ends of the 
girder will be lifted off the abutments, owing to the excess of load 
on the centre span. 

t55« MaximvBi strains tai flanses. — The maximum strains in 
the flanges occur as follows : in the side spans when the pasring 
load covers both side spans, leaving the centre span free from load; 
in the centre span, when the passing load covers it alone, leaving 
both side spans free from load ; and over either pier when the pasong 
load covers the centre span and the adjacent side span, leaving the 
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nsmote side spaa free from load. When the lengths of the com- 
]K>iient segments nre determined, the etrains in the flanges may be 
calculated by eqs, 13 and 24 if the girders nre dittgoiully braced, 
or by e<j8. 69, 80 and 105 if they arc plate girdera. 

The hypotheeis of the load being symmetrically disposed on 
either side of the centre prevents us from finding the points of 
inflexion when the segment over either pier is of maximum length ; 
we have, however, a close approxitnation to its intiiciitiuin length in 
the case of a pasdng load covering all three ajmns, tuid if desirable, 
a Htuall extra allowance may be made for greater security. When 
the maximum length of the segment over either pier is thus deter- 
mined, the calculation for Uie strains in its flanges are made as 
indicated in previous chapters, recollecting that each of these pier 
segments supports not only its own pr«per load, but also the weight 
of half the adjoining segments with their loud suspended from it« 
extremities by the vertical web. 

W6. naxlnan BtrBiiU In web — Amblgmlly In calcnlallon. — 
Though we obtain by these means the maximum strains of cither 
kind to which the flanges are subject, it does not follow that we have 
also got the maximum strains in the web. Let o, for example, io 
Fig. 81 , be the point of inflexion when the segment Ao is of maximum 
length. Now this segment does not remiun of this maximum length 
while a train is passing from A to B, that is, while the maximum 
strains are being produced in the web of Ao ; the point of inflexion 
is much closer to A vhen the train first comes upon the bridge 
(especially if the centre span happens to he traversed at the same time 
by another train), and gradually moves forward towards B as the 
train advances. It is incorreot therefore to calculate the maximunt 
strains in tlic web on the hypothesis that Ao is the length of the 
segment while the load advances. The maximum strain in a diagonal, 
at P for instance, takes place when the load covers AP, but the 
point of inflexion is then really nearer A than the (loiut o is, mid the 
maximum strain in the diagonal at P is therefore greater than if wo 
assume tlie segment constant in length during the advance of the 
train. A eitoilar or even greater unccrUinty occurs in the centre 
sfan, for there nnthcr end of the segment is fixed. 
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957. PenmuieBt load, SheaiingHitraiB. — When a continuous 
girder supports a fixed load, the strains in the web are not modified 
at the points of inflexion. The horizontal strains in the flanges 
change from tension to compression, or vice verm, at these points, 
but the vertical or diagonal strains are transmitted through the web 
just as if no points of inflexion existed. The effect of contrary 
flexure is merely this : the horizontal increments of strain developed 
in the flanges pull from the piers in place of thrusting towards the 
centres of the component segments, and vice versa. Hence, when ft 
continuous girder of three, five, or any uneven number of spans 
is symmetrically loaded, the strains throughout the web of the 
centre span arc the same as if the centre span were an independent 
girder supported at its extremities. This perhaps will be made 
clearer from the consideration that the shearing-strain at any section 
in the centre span, when the points of inflexion are symmetrical, 
is equal to the weight between the section and the centre of the 
span, and this is the case whether there be any point of inflexion 
or not. Thus the shearing-strain at any point /, Fig. 81, is equal 
to the load onfo' + that on o'Q; but if the central span were an 
independent girder, resting on abutments at B and C and uniformly 
loaded, the shearing-strain at /would equal the load on /Q, that 

is, it would be the same as before. 

95§« AdTantafces of continaUy — \ot deslraMe fbr wmuaXi 
Ml^uis ulth passlnip loads, or where tlie foaiidattoao are 
lasceare. — The advantage of continuity arises from two causes; 
first, from the smaller amount of material required in the flanges; 
secondly, from the removal of a certain portion of their weight from 
the central part of each span to a position nearer the piers. The 
latter is but a trifling advantage in continuous girders of moderate 
8})ans, say under 150 feet, which support passing loads, for the part so 
removed forms but a small proportion of the total weight. In the case 
of a fixed load, however, the saving from this cause is considerable ; 
but when the load is passing the advantages of continuity are 
liable to be over-rated, especially in girders of small spans, for 
on a little reflection it will be evident that, when the points of 
inflexion move under the influence of the passing load, a greater 
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amount of material is required than if their position remained 
stationary, and this moreover introduces the necessity of providing 
for both tension and compression in those parts of the flanges which 
lie within the range of the points of inflexion ; this latter objection 
is perhaps of little consequence when wnmgfat-iron is the material 
employed. 

A subsidence of any of the points of support of a continuous 
girder will cause a change of strain whose amount it is quite 
impossible to foresee, and which may seriously injure the structure 
or perhaps render it dangerous. Hence continuous girders should 
be avoided where the foundations of the piers are insecure. In 
bridges of large span, where the permanent load constitutes a very 
large portion of the whole weight, the advantage of continuity is 
very considerable. The position of each point of inflexion alters but 
little with a passing load, and a considerable portion of the per- 
manent weight, which would otherwbe rest at or near the centre 
of each span, is brought close to the points of support. 



(x)iiTiNrotii<; tiiKueitf 



CASE 111.— OIRDEBS OP UKIFOUI SECTION FIXED AT liOTB mm 
ASI> LOADElt PNIPtlRMl-r. 




•SB. PointM »r inllrKloD — Teafml Hiuicr-strain MMvtlil 

oflhAt In irirdrm not Hxrd nt thr nd». — Whcii lnub cods uf 

A ginlcT are liuilt into a wall so as to lie rigiilly held Uicrc, 

twigeDt to the girder at its interscctaon vitb the wall is hcHizonU 

and the struna closely resemble tbo«o which occur in the c 

span of a contiououa girder of three spaiiH when thu land ia ( 

dia{x>Bed that the tangents over the piers are horizontal. 

Let / = the span from wall to wnll, 

ur = the load per lineal unit, 

M' = the moment of the horizoatol etaatic forces at the intc 

section of the prder with tlie wall (a§), 
M = the moment of (he horizontal elastic forces at any c 
section P, 
J! and y = the ordinatcs of P measured from u lu origin, 

I = the moment of inertia of any cross section round iU 

neutral axis, 

E = the coefficient of elasticity. 

Taking momenta round P (eq. 133), 

M = -Elg = '^-'-=-M' (ISOfl 

Integrating and determining that the constant = from the caa-| 

eidcration that -/- = when x = 0. 



El 7 = 



+ M'.. 
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Making ;r = / we have -^ = 0, and 

^ -12 
Substituting this value in eq. 190, we have 

P 
At the points of inflexion M = 0, and we have x^ — las + ^ =: 0, 

whence 

x = l(^l±~=) = -2111 or 7691 (191) 

The length of the middle segment = '578Z, and the central 

stram m either flange (eq. 26) = ^^ — ^ — = — tt-t— = — -^ , 

in which d = the depth of the ^der. This central strain b just 
^rd of what it would be were the ends merely resting on the wall 
in place of being built therein. From eq. 13 we find that the strain 

in either flange at the wall = -z , which is just double the 

strain at the centre of the flanges. 
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CHAPTER XI. 



UUANTITT OF HATBRtAL IX URACKD GIlUlKIU 



CASK I.— SEMI-OinUKM LOADED AT TUE KXTRKHlTt*. ISOeCELI 
DBACIXO. 



•eo. wrb. 

Let W = the weight at the extremity, 
1= the length of the semi-ginler, 
d = its depth, 

9 = the angle the diagonals make with a vcrticnl line. 
/= the unit-stmn, 

Q = the cubical quftotitf of niateml in the diogoiulB, 
Q' = the cubical quantity of material in either tiangc. 

F'e- ^^- The cubical quantity of material 

uircil for the diagonal bracing it 
ml Ui tlic sum of the produota fl 
length and section of cucli b 
hen the triangles are iMMCeloBA 
tlic louil 11= u single weight, tbafl 
lion, if proi>orttcinal to thu 
the Biunc for all the iliagnnals, i 
the quantity of luati'jiol t4 ' 
oqiiid to the product of iltdr •{ 
f^iite length by their common ai 
The line AB, Fig. S3, is equal \ 
length to the Kuni of tlto i 
diagonftls; exprox-nng tt» length j 
icrniB of / ami 0, we have 

AB - /;.,.;-0 



J aaaa . 
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!lie section of cnch bnicc ia equal to the tobtl stmiii passing 



)ugh it divided by the unit-Btrain, = 



W<.«-(l 



(eq. 108). MuIU- 



|ng ihia by the foregoing value for the length wc hnve 



(192) 

S6I. FUnKTK. — The quantity of material in the flungi^s is most 
conveniently deduced from the principles stated in Chapter 11. as 

W/ 

follows: — The sectional area of either flange al. the wall =: —^ 

(eq. 8), and when the girder is of uniform etrengtli gradually 
diminishes towards the extremity as the ordioates of a triangle 
(Ml). Honce the quantity of material in one flange equals its 

ional area at the wall multiplied by ^, and we have 



** - id/ 



(193) 



CASK II.— SBUI-aiBDEBS LOADED AT THE EXTBEHtTT, 

VERTICAL AND DIAGONAL BRACING. 

969. Web. — When every alter- 
nate braee is vertical, as in Fig. 84, 
we must divide the material in the 
weh into two [mrts, namely, that in 
llio Yertical.and that in the diagonal 
bracing. 

Let Q = the qiuinttty of material 
in the diagonals, 
Q" = the quantity of matcrinl 
in the verticals, and 
the other symboU as 
before 
quired fil^hc diagonal braving i« n« 
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Q = ^' secO . cosecO (194) 

The strain transmitted through each vertical = W ; hence its 

^' W 

sectional area = -j- Multiplying this by the aggregate length 

of the verticals (= IcotS), we have 

Q'' = ^ cote. (195) 



CASE III. — SEMI-OIRDEB8 LOADED UNIFORMLY, ISOSCELES 

BRACING. 

96S. Wek^ IcBirth coBtatadnff m whole Bsmbcr ^ hmjm. — 

Let W = the total weight resting on the girder, 

n = the number of bays in the longest flange, supposed a 
whole number, and the other symbols as in case I. 
When the bracing is formed of isosceles triangles the length of 
one bay equals 2d . tonO, whence 

l=:2nd. tanB. (196) 

The quantity of material that the weight at any given apex 

would require in the bracing if it alone were supported by the 

^rder may be obtained from eq. 192 by substituting for W and 

/ the load resting on the apex ( = — j and the distance of the wdght 

from the wall. The quantity required for the whole load is equal 
to the sum of the quantities required for the separate weights. 
Hence, recollecting that the weight on the last apex equals half 
that on each of the other apices (146), we have when there is no 
half bay in the length, that is, where n is a whole number, 

Q = ^ 2d. tone I (1 + 2 + 3 4- . . . n) — I } «^ce . cosecd 

W 

^ -7- nd , tanB . secB . cosecB. 

Substituting for nd . tnnB its value in eq. 196 we have 



^\ 



1. 



Q = -^ secB . cosecB (197) J 
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»»4. Wph, tmgth roBtalal0v • haU^bAy.— Wheu the lengtti 
contiuns u Imir-tHty llio (]iiantity uf tnnteriul in the bmong, derived 
Troin til]. ID 2, 

Q = -^ Med . coseee + ~- «cc'0 . ta»9. (1 98) 

tea. FlAUKTH. — From eq. 12 the area of mtlier flange at the 
W/ 

of a pHrabola (M), but from the well-known projicrtiea of the para- 
bohi the area of ABC, Fig. 7, equals one-third of the circuiuscribed 
rectangle. Hence the (juantity of mntcrio] in cither fiange eqtmla 






CASE IV. — GIRDERS SUPPOBTEU AT BOTH EHDS AKD LOADED 
AT AN IMTERUEDIATB POnn-, ISOSCELES BBACING. 

•06. •laanCUy of nuiterlal In the web Is Ihc uune Ibr each 
•efmrnl. — Let W = the weight resting on the girder, 

/ ~ ita length, and ttie other symbols as in Case I . 

Let the weight divide the girder into eeginente containing 
respectively m and »i linear units, as in Fig. 51. The etr^na 
throughout the girder will in no respect be altered if we conceive 

it iDTerted, resting on a pier at W, and loaded with -j W at the 

right extremity and with ^ W at the left. Each Begraent will then 

become a aenii-girdcr loaded at \X» extxemity. Hence tlie quantity 

of material in the bracing of each segment = — -;=— aecB . coaee$ 

(eq. \9i). The quantity of the material in the hnicing of both 
aegments together is equal to twiee this, that i». 



ff 



."l 
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•69. FIjuivcs. — From eq. 21 the sectional area of either flange 
at the point where the weight rests = ~~fir~ *^^ diminishes grar 

dually towards each extremity as the ordinates of a triangle (S6). 
Hence the quantity of material in one flange equals its area at the 

weight multiplied by 3, and we have 

0! = ^-^ (203) 

CASE V. — GIRDERS SUPPORTED AT BOTH ENDS AND LOADED 

UNIFORMLY, ISOSCELES BRACING. 

968. We%9 leBirtli coBtelBliiir mm eren Bsmber 9^ bays. — 

Let W =z the total weight on the girder, 

I = the length, and the other symbols as in Case I. 
In order to avoid unnecessary minuteness in this case I shall first 
assume that the number of bays in the half-length is a whole number, 
in other words, that the length contmns an even number of bays. 
Let us consider each half of the girder by itself; the vertical 
forces which act upon each half arc the upward reaction of its 
abutment and the downward pressure of the weights between the 
abutment and the centre. The former pressure, if acting alone, 
would require a certain amount of material for the bracing, obtuned 
by eq. 192, while the weights, leaving the reaction of the abutment 
out of consideration, would require an amount of material which may 
be obtained from eq. 197 ; since the latter forces tend to relieve the 
strain produced by the reaction of the abutment, the true quantity 
of material required is equal to the diflerence of the amounts which 
would be required were each set offerees to act independently of the 
other. Hence, subtracting eq. 197 from 192, and bearing in mind 
that W and I have twice the value they had in the semi-girder, we 
have the quantity of material in the web of the whole girder, 

WZ 

Q = ~ seed . cosecB (202) 

969. We%9 the length eoBtalnliiff mm od4 Bsmher ofbays. — 

If tlic half-length contain a half-bay the quantity of material in the 

bracing is obtained by subtracting eq. 198 from eq. 192, that is, 
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Q = ^ secO . cosecO — ^^ sec'^e . taud (203) 

810. Flanges. — From eq. 26 the sectional area of either flange 

WZ 

at the centre of the girder = -^^j and diminishes towards either end 

as the ordinates of a parabola (49). But the area of Fig. 19 equals 
frds of the circumscribed rectangle ; hence the quantity of material 
required for either flange equals its central section multiplied by 

x/, and we have 

Q' = ^ (204) 



CASE VI. — BOWSTRING GIRDERS UNIFORMLY LOADED. 

891. Fljui||^e9. — When a bowstring girder is uniformly loaded 
the strains are nearly uniform and equal throughout both flanges 
(814); hence we can find a close approximation to the quantity 
of material by multiplying the length of each flange by its sectional 
area. 

Let W = the total weight uniformly distributed over the girder, 
/ = the length of the string, 
nl =z the length of the bow, 
d = the depth of girder at centre, 
Q^ = the quantity of material in the string, 
Q^' = the quantity of material in the bow, 
/ = the unit-strain. 

WZ 

The strain at the centre of either flange = ^-r (eq. 26) : hence 

W/ 
the sectional area of the flange = ^, ; multiplying this latter quan- 
tity by the respective lengths of the string and bow, we have 

Q' = WJ . (,05, 

Q" = '^'* (206) 

N 
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SubstitutiDg in eq. (a) these values for r and 0, we have 



X^ + d} 



tan 



K \d Kj 



= n+l}<^-'i 



(207) 



whence we can obtain the values of n corresponding to different 
values of y. 
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CHAPTER XII. 

ANGLE OF ECONOMY. 

89S. 45° l» Allele of EcoBontjr fl»r Isoseeles %radUiir. — On 

examining those equations in the last chapter which express the 
quantity of material required for the vertical web of ^rders whose 
bracing consists of isosceles triangles, we find that they may all be 
expressed by one general equation, 

Q = KsecB . cosecBf 
in which K for each case is u constant quantity depending upon 
the length, weight, and unit-strain. Q is therefore proportional to 

2 

the variable quantity seed . cosecO, or to its equivalent . ^^ , which 

is a minimum when = 45^. This proves that the angle of 45^ 
is the most economical inclination for the diagonals of isosceles 
bracing, and it is to be observed that certain of the diagonals 
being in compression, and therefore practically requiring a greater 
amount of material to stiffen them than others, does not materiaUy 
affect this conclusion (S40) ; for, let the compression diagonals take m 
times the quantity of material they would require on the supposition 
that they were subject to tension in place of compression, then, 
since every alternate diagonal is in compression when the load is 
fixed (m), the foregoing expression becomes 

Q = — I. — KsecB . casecB 

but the variable part of this expression is secB . cosecB as before, 

and therefore the angle of economy is 45°.* 

894. 55° bi Anirle of Economy fl»r Vertical aad dla^iHud 
%raclnfir* — The angle of economy in girders with vertical and 
diagonal bracing differs from that in girders whose webs are formed 
of isosceles triangles. From eqs. 194 and 195 we find that the 
quantity of material in the bracing may be expressed as follows : — 

Q + Q" = K {secB . cosecB + cotB). 

* Mr. Bow first drew atieotion to the fact that 45° is the angle of eoonomj for 
iaoBcelee bracing ; see his TVeottif on Bracing, Edinbai^h, 1851. 



CHAP. XII.] 



ANGLE OF ECONOMY. 



181 



It is necessary to equate the differential coefficient of the bracketed 

part of this equation to cipher in order to find the value of which 

makes Q + Q^^ a minimum. Doing so, we have 

cosecB . secO . tanO — seed . cosecB . cotO — cosec^O = 0, 

dividing by cosecO . secO and transposing, 

tanO = 2cote 
whence >. 

tanO = V^2, and (J = 54^ 44' 8-2" = 55** nearly, 

which therefore is the angle of economy for this form of bracing, 

and has moreover the merit of forming lozenge-shaped openings 

which have a more agreeable appearance than square ones. 

995. l0(Micele« more ecoBomical than Vertical and dlafroaal 
hraelnir* — T^^^ superior economy of the isosceles over the vertical 
and diagonal system of bracing will be now apparent, for the quan- 
tity of material required in the latter exceeds that in the former by 
an amount never less than Q'^ and exceeds Q'' when differs 
from 45**. 

M6. TrifroDometrlcal Iteettoas of 0. — The following table 
contains the value of different trigonometrical functions of &. 



Angle 

of 

braciDg, 6, 


Sec0. 


Sfc9 . coBtcB. 


Cote. 


Sec$. eoteee-i-cote. 


Tan$. 


20© 


1*064 


811 


2-7i7 


5-857 


•864 


260 


1108 


2-61 


2144 


4-754 


•466 


80«> 


1154 


2*81 


1*782 


4041 


*577 


86<> 


1-221 


218 


1-428 


8*557 


-700 


40O 


1*805 


2-08 


1192 


8222 


•889 


45« 


1-414 


2-00 


1-000 


8-000 


1*000 


6(P 


1-515 


2-08 


-889 


2*869 


M92 


650 


1748 


2-18 


•700 


2*829 


1-428 


60O 


2000 


2-81 


•577 


2;886 


1*782 


660 


2*869 


261 


-466 


8076 


2144 


70® 


2*924 


811 


'864 


8-474 


2-747 
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879. Relative eeonomy of dllfereBt klndfi of teractaiir* — 

By means of this tabic wc can at once compare the relative economy 
of different descriptions of bracing as follows : — 



Values of B. 



Vnlue of Q. 



Compftntirc qoantitiea 

of material 

required in wub. 



I 



IsosccleB bracing. 
Ditto (Warreii'B girder), 



= 45° I 
= 30° I 



Vertical aud diagonal bracing, -= 55° 



Q = 2-00 K 

Q = 2-31 K 

Q X Q" = 2-83 K 



100 

115-5 

Ul-5 



Hence equilateral bracing (" Warrens girder") requires 15^ per 
cent., and vertical and diagonal bracing of the best form requires 
41^ per cent, more material in the web than isosceles bracing at an 

angle of 45°. 

898. Quantity of material in the braelnir independent of 
depth. — The reader will observe that the depth of the girder does 
not enter into those equations which express the quantity of material 
required in the bracing, whereas it enters into the denominator of 
those which express the quantity of material in the flanges. Hence 
we conclude that altering the depth of braced girders does not 
affect the amount of bracing (18); but the quantity of material in 
the flanges varies inversely as the depth, and consequently the 
deeper a girder is made the greater will be the economy, theoreti- 
ctdly speaking. In practice, the additional material required to 
stiffen long struts generally defines the limit to which this increase 
of depth can be judiciously extended; but of this in succeeding 
chapters. 
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